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ABSTRACT
In Australia and worldwide, highly erodible and dispersive soils have been reported
as a major problem initiating failure of earth structures such as embankment dams,
rail/road embankments, canal banks and foundations due to surface and internal
erosion (piping). Adopting a suitable ground improvement technique to control soil
erosion is necessary to avoid property damage and high maintenance costs caused by
the erodible and/or dispersive soils. To eliminate or reduce erosion and internal
piping, chemical stabilisation has been proven to be an appropriate and cost effective
technique worldwide. However, the traditional soil stabilisers such as cement, lime,
fly ash, slag and gypsum have been identified to cause serious environmental
problems (e.g. changing the pH of soil and ground water, thus negative impact on
agriculture and aquaculture etc.). also these soils tend to exhibit excessive brittleness
(post-peak) that has clear implications on the stability of infrastructure, especially
during cyclic and impact loading conditions prevailing in high speed rail and aircraft
runways. In this context, lignin-based chemicals such as lignosulfonate (LS) have
shown promising potential in stabilising erodible and dispersive soils.

In the recent past, experimental investigations have been carried out to investigate
the effectiveness of LS treatment to verify that LS can enhance the erosion resistance
of various soils. However, currently there is no rational (theoretical) erosion model
which correlates the erosion rate of lignosulfonate treated soils with commonly
adopted soil properties that can be readily determined in the laboratory. Furthermore,
it is important to capture the shear strength and volume change behaviour of
lignosulfonate treated soil through an advanced constitutive model.
iii

In this research, a novel theoretical model was developed to calculate the rate of
internal erosion of both lignosulfonate treated and untreated soil. The model is based
on the law of conservation of energy, and the effects lignosulfonate stabilisation were
captured using the increased strain energy required to break the inter-particle bonds.
The model correlates the erosion resistance of LS treated soil with the basic soil
properties such as the mean particle diameter and specific gravity, the shear strength
of soil, and the flow characteristics of the eroding fluid.

An important phase of this research included laboratory investigations required to
validate the proposed erosion model. A series of direct shear tests were conducted on
a highly erodible silty sand to obtain the stress-strain-volumetric responses of both
LS-treated and untreated soil. Effective normal stresses varying from 5kPa - 42kPa
and lignosulfonate dosages varying from 0.2% - 1.2% by dry soil weight were
considered. The laboratory shear tests indicated that the peak and ultimate shear
strength, as well as the angle of internal friction increased with the increasing amount
of lignosulfonate. The volume change behaviour showed a dilative response (i.e. less
compressive) after the lignosulfonate treatment. However, the enhancement in the
elastic deformation (secant) modulus was not significant, and also the change in soil
ductility caused by lignosulfonate treatment was marginal compared to the brittleness
attributed to cement treatment.

Laboratory results were used to validate the proposed erosion model, whereby the
model parameters were empirically determined from the experimental data. An
independent set of erosion test data was used to compare with the model predictions.

iv

These comparisons proved that the proposed erosion model could accurately capture
the erosion behaviour of lignosulfonate treated and untreated silty sand.

As the final phase of the study, in order to predict the stress-strain and volume
change behaviour of the LS treated soil, a constitutive model was formulated based
on the Disturbed State Concept (DSC). The relative intact (RI) responses of both
treated and untreated soil were modelled incorporating the 0 version of the HiSS
plasticity models, whereby the non-associated yielding was considered through the
disturbance function. The response of lignosulfonate bonds was model separately
using the same concept (DSC) and that response was used as the fully adjusted (FA)
response in modelling the treated soil behaviour. The laboratory shear test results
corresponding to the effective normal stresses of 10kPa and 22kPa were adopted for
calibrating the material parameters representing acceptable accuracy of this DSCbased model.
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1 INTRODUCTION
1.1

General Background

Highly erodible and dispersive soil type is one of the most common problematic soil
types worldwide. According to the Australian Agricultural Assessment (2001), 127
Mt of soils across Australia are eroded to streams as sediments. Out of this huge
amount, 40% of sediment is from hill slope erosion, 34% from gully erosion and
26% from stream bank erosion. Figure 1.1 shows a map of the erodibility of soils
across Australia. Erodibility has been determined based on the K-factor used in the
Universal Soil Loss Equation – USLE.

Figure 1.1 Digital map of erodibility across Australia
(http://www.anra.gov.au/topics/agriculture/pubs/national/agriculture_asris_erod.html)

1

Some of the problems associated with highly erodible and dispersive soils in
Australia and worldwide are shown in Figure 1.2.

(a) Gully erosion in Al Sehoul in Morocco

(b) Tunnel erosion

http://www.geog.uu.nl/landdegradation/Fieldwork.htm

http://www.soilsurvey.com.au/services.ht
ml#a_hazard_assessment

(c) Piping and Internal Erosion Failure,

(d) Soil erosion in a wheat field

Tunbridge Dam, Tasmania, Australia.

near Washington State University

http://www.geoengineer.org/gallery/main.php?g2_view=
core.ShowItem&g2_itemId=1785

http://www.ars.usda.gov/is/graphics/phot
os/k5951-1.htm

Figure 1.2 Some of the problems associated with erodible and dispersive soils
2

Earth structures such as embankment dams, rail/road embankments, canals and
foundations associated with erodible and dispersive soils are in danger of surface and
internal erosion (piping). In Australia the existence of highly dispersive and erodible
soils has been identified as a problem leading to tunnel gully erosion during
stormwater channel excavations in Albury, Southern NSW (Crouch 1977) and in
Hunter Valley, NSW (Elliot 1977). Failures of small scale dams in New South Wales
and Victoria, due to internal erosion and piping caused by dispersive soils have been
documented by Philips (1977) and Roswell (1977). Philips (1977) pointed out, based
on a summary of five surveys carried out in Australia, that approximately 10-16% of
dam failures are associated with dispersive soils. Cole et al. (1977) reported about
four earth fill embankment dams in the Northeast region of Thailand that had been
damaged by soil dispersion and erosion. Across the world about 1.5% of
embankment dams experienced piping incidents and about 0.5% failed due to
internal erosion and piping. About half of these failures occurred within the first 5
years of operation or during the first filling of the reservoir (Fell et al. 2003). They
also found out that internal erosion, piping and breach of embankments and
foundations can develop very rapidly, even within a few hours. If the soil is a
uniform cohesionless fine sand with a low plasticity index, or well graded
cohesionless soil with a low plasticity index and a low percentage of clay, or a
dispersive soil (categorised as D1 or D2 by pinhole test), then pipe enlargement is
very rapid.

Since the problems associated with erodible and/or dispersive soils can cause loss of
lives, property, and result in high maintenance costs, using these soils to construct
earth structures is not appropriate, especially when they are in contact with water.
3

But in some instances this practice becomes inevitable, and therefore the solution is
to adopt suitable methodologies to improve their resistance to erosion in an
appropriate and cost effective manner. In this context, chemical stabilisation has been
proven to be an effective technique. A lot of research has been carried out on the
engineering behaviour of stabilised erodible and dispersive soils using chemical
admixtures such as lime, cement, gypsum, slag, alum, and fly ash (Perry 1977;
Rosewel 1977; Ryker 1977; Machan et al. 1977; Indraratna et al. 1991; Indraratna
1996; Biggs and Mahony 2004; Indraratna et al. 2008a,b; Indraratna et al. 2009).
However, these chemical stabilisers are not always readily acceptable in Australia
due to stringent occupational health and safety issues. They also pose a threat to the
environment by changing the soil pH, which often limits the scope of vegetation, and
also affects the quality of the ground water. Moreover, traditionally stabilised soils
have very high values of pH (Little 1995; West and Carder 1999; Rollings et al.
1999; Hassan et al. 2008; Auststab 2012; Kitazume and Terashi 2013), which often
affects the longevity of steel elements in the ground (e.g. fencing) and steel frame
structures (e.g. Perry 1977; Biggs and Mahony 2004). In addition, other chemical
aspects such as the electrical conductivity and the cation exchange capacity of the
soil decreases with increasing amounts of admixtures and longer curing times (e.g.
Boardman et al. 2001; Chen et al. 2009). Moreover, cementitious chemical admixtures

reduce the capacity of soil to hold water and carry nutrients, which affects its fertility
(e.g. Jaynes et al. 1995; Kitchen and Sudduth 1996; Lund et al. 1999). Excessive use
of traditional admixtures to stabilise soil would also affect the yielding capacity of
certain soils (e.g. Nalbantoglu and Tuncer 2001). In general, soils treated with higher
percentages of chemicals become more brittle (Sariosseiri and Muhunthan 2009),
which affects the stability of structures, especially during cyclic and impact loading
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conditions such as those applied to high speed rail and aircraft runways. To
overcome these consequences, an alternative soil stabiliser which improves the
properties of soil without harming the environment must be found.

A lignin based chemical known as lignosulfonate (LS), has shown a promising trend
in stabilising some problematic soils (Pengelly et al. 1997; Puppala and Hanchanloet
1999; Tingle and Santori 2003; Indraratna et al. 2008a, b; Vinod et al. 2010).
Lignosulfonate is a by-product of wood processing industry which can be found in
liquid form. It is non-toxic, non-flammable and completely soluble in water.
Lignosulfonate has a specific gravity of 1.2 and its pH value is 3.8 (Muttuvel 2008).
Indraratna et al. (2008b) carried out laboratory experiments on dispersive soils
treated with LS using the novel Process Simulation Apparatus for Internal Crack
Erosion (PSAICE). They verified that LS can enhance the resistance to erosion and
thereby reduce the rate of soil erosion. They also found that the amount of LS
required for silty sand to reach a given increase in critical shear stress is less than that
of cement.
1.2

Statement of the Problem

The surface and internal erosion of rail/road embankments, dam cores, and water
channels are the two foremost problems which cause earth structures to fail when
they are associated with dispersive and erodible soils. Calculating the erosion rate of
soil using parameters influencing it is an effective approach to evaluate the safety of
such structures in order to eliminate the possibility of erosion after construction.
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Only a few researchers have attempted to correlate the parameters of erosion with the
shear or tensile strength of soil (e.g. Dunn 1959; Lyle and Smerdan 1965; Hjeldnes
and Lavinia 1980; Kamphuis and Hall 1983; Reddi and Bonala 1997). Dunn (1959)
used a jet of water to conduct a series of erosion tests on cohesive soils collected
from canal beds and found that the critical shear stress varied linearly with the vane
shear strength. Kamphuis and Hall (1983) used a flume to conduct a set of erosion
experiments on two different soils and concluded that the critical shear stress of over
consolidated clayey soils changed linearly with the vane shear strength and
unconfined compressive strength. Reddi and Bonala (1997) developed an analytical
model for critical shear stress (under seepage erosion) in terms of true cohesion.
Indraratna et al (2009) developed an analytical model to simulate the erosion of soil
by capturing its tensile behaviour based on the law of conservation of energy. This
model captured the erosion of soil by following two steps, (a) the detachment of
particles by the eroding fluid, which resulted in a suspended load, and (b)
transportation of a suspended load. However, the tensile strength tests are only
suitable for soils that are cohesive or became cohesive due to stabilisation. Hence, it
is essential to develop a comprehensive theoretical erosion model that correlates
erosive behaviour with the most widely used shear strength of chemically treated
soil. Such a model will be widely applicable and be suitable for both cohesive and
non-cohesive soils. Therefore, in this study, a theoretical model is formulated to
predict the erosion rate in terms of the effective shear strength parameters of
lignosulfonate treated soil.

In order to validate the proposed erosion model and understand the behaviour of
lignosulfonate treated soils, conducting laboratory shear tests is crucial.
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Understanding the shear behaviour of lignosulfonate treated soil will also help in
widening the applicability of lignosulfonate in soil stabilisation. Therefore, drained
direct shear experiments are carried out for lignosulfonate treated and untreated silty
sand under different effective normal stresses.

Predicting the stress-strain and volumetric behaviour of stabilised soils using a
constitutive model is important for the practicing engineers in the design stage as
well as for evaluating the safety of the structures. Many researchers have developed
constitutive models for cemented soils in literature. However, these models are not
applicable for lignosulfonate treated soils, because the behaviour of lignosulfonate
stabilised soils is distinctly different from that of soils treated with other traditional
admixtures. Therefore, it is essential to develop a new constitutive model that can
capture the stress-strain-volumetric behaviour of lignosulfonate treated soil. Thus, a
constitutive model is developed for the lignosulfonate stabilised soil based on the
Disturbed State Concept which is a unified approach applicable to fulfil a wide range
of requirements.
1.3

Objectives of the Study

The primary objective of this research study is to advance the current state of
theoretical and analytical modelling of the erosion of lignosulfonate stabilised
erodible soils. The secondary objective is to investigate the effectiveness of
lignosulfonate in enhancing the shear strength of unstable soils. The following are
the specific objectives through which the primary and secondary objectives may be
achieved.
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Identifying the knowledge gap in erosion modelling, particularly with regard
to chemically stabilised soils based on the findings of the previous studies.
For that, a critical review of the literature to understand the factors
influencing soil erosion, the effectiveness of chemical stabilisation on
erodible and dispersive soils, the effectiveness of lignosulfonate as a soil
stabiliser, the current state of modelling soil erosion of chemically stabilised
soils, the importance of shear strength in erosion modelling and the shear
behaviour of chemically stabilised soils is essential.



Developing a comprehensive theoretical erosion model to predict erosion
through cracks considering the stress-strain characteristics of lignosulfonate
treated and untreated soil.



Conducting a series of shear tests on lignosulfonate stabilised soil to
understand its shear behaviour after treatment.



Comparing the effectiveness of lignosulfonate in enhancing the shear strength
parameters with those of cement treated sand.



Validating the developed theoretical erosion model using the results of shear
tests from the current study and the erosion test results from a previous study.



Developing a constitutive model for lignosulfonate treated and untreated silty
sand. The constitutive model will enable the practising engineers to compute
and predict the stress-strain characteristics of lignosulfonate treated and
untreated soil. These results can be used in the developed theoretical erosion
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model in predicting the erosional behaviour. Also, the proposed constitutive
equations can be incorporated by future researches in numerical simulations
of the erosional behaviour of lignosulfonate treated and untreated soil.



Evaluating the model parameters and verifying the proposed constitutive
model by comparing the model predictions with the laboratory experimental
data.

1.4

Scope and Limitations of the Research

Within the scope of this study, only three dosages of lignosulfonate were chosen to
stabilise the erodible silty sand. The amount of LS required to make this particular
silty sand non-erodible was found to be 0.6% from standard pinhole tests by
Muttuvel (2008). Therefore, LS dosages of 0.2%, 0.6%, and 1.2% by dry soil weight
were considered to provide a reasonable margin of LS quantities for the purpose of
comparing the behaviour of treated soil. For the laboratory investigation of the shear
behaviour of lignosulfonate treated and untreated soils, very low effective normal
stresses (5kPa, 10kPa, 15kPa, 22kPa and 42kPa) were selected to increase the
accuracy in predicting the strain energy at zero effective normal stress.
1.5

Outline of the Thesis

This thesis consists of six chapters, including the introduction. A brief outline of the
other chapters is given below.

Chapter 2 provides a critical review of the previous studies related to soil erosion and
chemical stabilisation. It includes the factors controlling soil erosion, the
9

effectiveness of traditional chemical additives in enhancing the resistance to erosion
and the role of lignosulfonate in stabilising problematic soils, the current state of
erosion models for chemically stabilised soils, and the shear behaviour of chemically
stabilised soils and its relevance to soil erosion. It also provide a brief review about
the recent constitutive modelling of stabilised soils including the Disturbed State
Concept.

In chapter 3, the development of a rigorous theoretical erosion model based on the
law of conservation of energy and incorporating shear strength characteristics, is
described in detail. It also discusses the methods for determining the model
parameters and applying the proposed erosion model in field situations.

Chapter 4 explains how the laboratory investigation to examine the shear behaviour
of lignosulfonate treated soil was carried out. Also the results of the shearing tests are
presented and are compared with the behaviour of similar soils treated with cement,
found in the literature.

The validation of the erosion model (developed in chapter 3) is described in chapter
5. This includes a detailed quantification of model parameters based on the results of
shear tests and erosion tests. Finally, the model predictions are compared with the
experimentally obtained erosion rates.

In Chapter 6, development of a new constitutive for lignosulfonate treated and
untreated silty sand based on the disturbed state concept is presented. Also, the
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determination of model parameters and the verification of the proposed model by
comparing with the experimental results are included in this chapter.

Chapter 7 summarises the main findings of this research study presented in chapters
3, 4, 5, and 6, and also outlines several recommendations for further research in
erosion modelling and lignosulfonate treated soils. A list of references follows
chapter 7.
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2 LITERATURE REVIEW
2.1

Introduction

This chapter reviews the previous studies related to soil erosion and chemical
stabilisation of soils. It includes investigations carried out to determine the factors
influencing soil erosion, behaviour of erodible and dispersive soils stabilised with
traditional chemical additives, effectiveness of lignosulfonate as a soil stabiliser, and
available models to estimate the erosion rate of stabilised soils. The current research
study mainly concentrates on developing a comprehensive erosion model
incorporating well-known shear strength characteristics of a stabilised silty sand.
Therefore, shear behaviour of chemically stabilised sands and the recent approaches
in constitutive modelling of stabilised soils are also discussed in brief.
2.2

Factors Influencing the Soil Erosion

Erosion is described by Parker et al. 1995 as a physical process of acting and
resisting forces. The forces acting on soil particles contribute to detach and move
them, while the resisting forces help to resist the detachment and movement of
particles. Therefore, the influencing factors control the soil erosion in two different
ways: (i) controlling the erodibility (ii) controlling the erosion resistivity.
Consequently many researchers have tried to postulate the influence of slope
gradient, flow discharge, mean flow velocity, depth of overland flow, stream power
and unit stream power on erodibility and common soil properties such as plasticity
index, dispersion ratio, percent clay, mean particle size, degree of compaction (void
ratio) and dry density as well as the strength on erosion resistivity of soils.
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2.2.1

Factors Controlling the Erodibility (Scouring Ability)

Factors controlling the scouring ability of a fluid flow are mainly the hydraulic
parameters such as flow discharge, flow depth, mean flow velocity, slope gradient,
stream power and unit stream power. Influence of these parameters has been
investigated by several researchers.

Nearing et al (1991) investigated the effect of flow parameters such as bed slope,
flow depth, flow shear stress and the stream power, on the detachment of soil by
shallow surface flow using a 9m long and 1m wide flume. They described the
detachment rate for two soils with an equation obtained from regression analysis on
flume test results, as follows:
3.562

2.637

0.734

5.895

(2.1)

where, Dp (g/m2/s) is the predicted detachment rate, S is the bed slope expressed as a
fraction, h (cm) is the flow depth and mwd (mm) is the mean weight diameter of
particles. This proposed empirical relationship is limited only to soils they have
tested, the flow depth up to 2cm and the slope up to 2%. This study revealed that, in
relating detachment rate and flow parameters, the bed slope and flow depth are
important, but the flow shear stress and the stream power are not appropriate
universal flow parameters to use.

It has been suggested by Parker et al. (1995), based on the erosion experiments
conducted using a 6.1m long flume, that the soil erosion rate increases with the
increasing tractive force on soil surface and a linear function of it when the soil bed
slope is held constant. Figure 2.1, where the peak sediment concentration is plotted
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against the tractive force, shows the relationship between the tractive force and the
sediment concentration obtained by them. The change in the slope of the line
corresponds to the point at which the bed slope was changed.

Peak Sediment Concentration (g/L)

25
C = 15.62 T - 12.87
2
r = 0.98

20

15

10

C = 3.36 T - 1.65
2
r = 0.93

5

0
0.0

0.5

1.0

1.5

2.0

2.5

2

Tractive Force (N/m )

Figure 2.1 Relationship between peak sediment concentration and tractive force
(Parker et al. 1995)

Liu et al (2001) analyzed theoretically, the variation of both the scouring ability of
the overland flow and the erosion resisting capacity of soil with slope gradient. For
this analysis they considered the influence of net rain excess, runoff depth, overland
flow velocity on the slope gradient. They concluded that, there exists a critical slope
gradient below which the scouring ability of the flow increases and above which the
scouring ability decreases with the increasing slope. This critical slope gradient was
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found to be between the range of 41.5° ~ 50° and depended on grain sizes, soil bulk
density, surface roughness, runoff length, net rain excess and soil friction coefficient.
A series of experiments were conducted by Zang et al (2003) in a flume, 4m long and
0.35m wide, to investigate the influence of flow discharge, slope gradient and
commonly used hydraulic parameters such as flow velocity, applied shear stress,
stream power and unit stream power on soil detachment rates of a natural
undisturbed soil. They found out that a power relationship is more suitable than a
linear function to describe the detachment rate in terms of hydraulic shear stress. The
detachment rate could be better described by a power relationship with hydraulic
shear stress than a linear function. The relationship between slope gradient and the
detachment rate was dependent on flow rate as well. Therefore, it was found to
represent the detachment rate by a power function relating with both the flow rate
and the slope gradient. Furthermore, the stream power was the best hydraulic
parameter to describe the soil detachment rate from the three parameters, stream
power, unit stream power and the shear stress. The proposed empirical equations
correlating the above parameters to the soil detachment rate, Dc (kg/s/m2) are shown
in Table 2.1.

Table 2.1 The empirical equations proposed by Zang et al (2003) to describe the soil
detachment rates
Equation
.

130.41
0.344
0.0017
0.0088

.

.
.
.

R2

Parameter

0.96

q = Flow rate (m3/s)
S = Tangent value of slope degree

(2.2)

0.91

V = Mean flow velocity (m/s)

(2.3)

0.92

 = Hydraulic shear stress (Pa)

(2.4)

0.95

 = Stream power (kg/m3)

(2.5)
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In addition to that, Zang et al (2003) compared their experimental detachment rates
on undisturbed soil with the detachment rates on disturbed soil from a previous study
done by Zang et al (2002). Then, found out a linear correlation between those two
sets of data as:
19.583

(2.6)

0.450

with R2 = 0.85. In Equation (2.6), Drd (kg/s/m2) is the detachment rate of the
disturbed soil sample of previous study and Drn (kg/s/m2) is the detachment rate of
natural soil samples.
2.2.2

Factors Controlling the Erosion Resistivity

The factors affecting the erosion resistivity of soil were investigated by many
researchers using different erosion parameters. The critical erosional shear stress (c)
has been used by Lyle and Smerdon (1965) and Indraratna et al (2008b) while Parker
et al (1995) and Awad et al (2007) directly used the erosion rate (Er). Other two
parameters are coefficient of soil erosion () which is defined as the gradient of
excess hydraulic shear stress – erosion rate plot used by Fujisawa et al. (2008) and
erosion rate index (I) defined as –log(Ce) where Ce is the coefficient of erosion used
by Wan and Fell (2004) for their studies.
2.2.2.1 Degree of Compaction, Dry Density and Moisture Content
The capacity of soil to resist erosion has been found to be greatly influenced by the
degree of compaction, dry density and the initial moisture content at compaction.

The effect of compaction on the soil erosion rate was investigated by Parker et al
(1995) by performing erosion tests with a flume at different bulk densities at constant
16

initial water content, flow rate, flow depth and slope. They found no direct
relationship between the bulk density and the erodibility (Figure 2.2) for the density
range (1.28-1.52 Mg/m3) used for the study. They also explored from their study that
the erosion rate is increased when the air is entrapped inside without having a way to
escape from the soil sample. Furthermore, they examined the effect of initial water
content on erosion resistivity at a constant bulk density, flow rate, flow depth and a
flume slope. They observed from this set of experiments that the higher erosion rates
were resulted as the initial water content was decreased (Figure 2.3).

3.5
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Figure 2.2 Influence of bulk density on sediment concentration (Parker et al. 1995)
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Figure 2.3 Influence of initial water content on sediment concentration
(Parker et al. 1995)

Fujisawa et al (2008) carried out open channel experiments for a compacted silty
sand used for embankment materials to investigate the dependency of the erosion
rate on the dry density. They found out that with the increasing dry density of the
compacted soil specimens the erosion rates decreased (Figure 2.4 and Table 2.2).
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Figure 2.4 Shear stress versus erosion rate (Fujisawa et al 2008)

Table 2.2 Change of erodibility coefficient and critical shear stress with dry density
(Fujisawa et al 2008)
Averaged dry
density,

Erodibility
coefficient,

Critical shear
stress,

g/cm3

Cm/s/Pa

Pa

Series I

1.67

1.4×10-2

1.21

Series II

1.77

1.1×10-2

1.39

Series III

1.87

4.0×10-3

1.44

Series IV

1.92

1.6×10-3

1.60

In addition to that, they developed experimental relationships for the critical shear
stress and the coefficient of erosion in terms of dry density and maximum particle
diameter, based on the results of the open channel experiments. They defined the
coefficient of erosion  and critical shear stress c as:
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(2.7)
0.05

(2.8)

where, a and b are material constants; d (kg/m3) is the dry density of soil; s (kg/m3)
is the density of soil particles; k is a factor between 0.7 and 0.8 to avoid over
estimation of c;  (kg/m3) is the density of water; g (m/s2) is the gravitational
acceleration and dmax (m) is the maximum particle size.

Wan and Fell (2004) also investigated the effect of degree of compaction and water
content on the erosion resistivity using thirteen different clays and sands. Based on
their results on hole erosion and slot erosion test, they commented that the degree of
compaction and the water content strongly influence the erosion rate index. Also they
suggested to compact the clayey soils at its optimum or wet of optimum to increase
the erosion resistance.
2.2.2.2 Common Soil Properties
The critical shear stress (c) and the coefficient of soil erosion () have been
normally used as the erosion parameters to investigate the effect of common soil
properties such as plasticity index, dispersion ratio, percent clay, percent organic
matter and mean particle size on erosion resistivity of soils.

Lyle and Smerdon (1965) investigated the effect of various soil properties on critical
tractive force (Tc), which is equivalent to the critical shear stress, using flume
experiments on seven Texas soils. They found that the soil properties can be best
used to correlate with the critical tractive force in the order of plasticity index,
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dispersion ratio, percent organic matter, vane shear strength, cation exchange
capacity, mean particle size, Ca-Na ratio and percent clay. The empirical correlations
between the Tc and the soil properties are obtained by Lyle and Smerdon (1965) are
summarized in Table 2.3.

Table 2.3 Relationships of critical tractive force (Tc) with various soil properties
(Lyle and Smerdon 1965)
Equation
0.00771

Soil property

0.0233 1.2
0.00079 0.00035

D

0.0322 0.0086 1.2
10
where,
0.00452 10 .
0.0105 0.0124 1.2
where,
0.765 10

.

0.0075 1.2

10

.

.

(2.9)

Dispersion ratio,
(2.10)
Dr

.

⁄10
0.0140 0.00192 1.2
.
.
where,
0.205 10
0.00429 0.0136 1.2
0.0140
0.00116
1.2 log
0.01199 0.0101 1.2
0.00589 0.0009 1.2
0.02024 0.0235 1.2
0.00264
0.00812
1.2 log
0.0141

Plasticity index,
Iw

1.2

Percent organic
matter, Pom

(2.11)

Vane shear
strength, Sv

(2.12)

Cation exchange
(2.13)
capacity, CEC
log

Mean particle
size, M

(2.14)

Calcium-sodium
(2.15)
ratio, Rcn
Percent clay, Pc

(2.16)

Note : e is the void ratio
Wan and Fell (2004) conducted hole erosion and slot erosion tests using thirteen
different clays and sands to examine the relationship of soil properties to erosion rate
and the critical shear stress for piping erosion. They defined two empirical equations
for coarse-grained and fine-grained soils to estimate the erosion rate index, ÎHET for
existing dams.
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For coarse-grained soils,
6.62

0.016

0.10

0.044

0.11

0.074∆

(2.17)

0.061

where, ÎHET is the predicted erosion rate index for the hole erosion test; d (Mg/m3) is
the dry density of the soil; d /dmax (%) is the percentage compaction;  (%) is the
water content; ∆

100%; OWC (%) is the optimum water

⁄

content; S (%) is the degree of saturation and Clay (US) (%) is the mass fraction finer
than 0.005mm. For fine-grained soils,
10.2

9.57
0.0056

0.042

0.10
0.042

0.0097∆
0.090

0.11

0.44

(2.18)

where, Fines (%) is the fraction finer than 0.075mm; LL (%) is the liquid limit; IP (%)
is the plasticity index; and Pinhole is the pinhole test classification expressed by
numbers as “1” for class D1; “2” for class D2;…; “6” for class ND1. Results of
erosion tests on 13 soils have been summarized by them as follows.

Table 2.4 Quantitative terms for representative erosion rate index (Wan and Fell
2004)
Group number

Erosion rate index ( Î )

Description

1

<2

Extremely rapid

2

2-3

Very rapid

3

3-4

Moderately rapid

4

4-5

Moderately slow

5

5-6

Very slow

6

>6

Extremely slow
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From the Equations (2.17) and (2.18), the value of ÎHET can be predicted using soil
classification information for the preliminary estimations for existing dams.
However, Wan and Fell (2004) recommend to conduct hole erosion or slot erosion
tests rather than using these equations for preliminary estimations, unless it is not
practical to arrange tests. They also recommended not to use the equations for
dispersive soils if the reservoir water quality approaches that of distilled water, and
does not reduce the dispersion.
2.2.2.3 Strength Properties of Soil
The relationship of soil strength properties to erosion resistance was investigated by
several researchers.

Unconfined compressive strength (UCS) and vane shear strength were related to the
critical shear stress initiating erosion by Kamphuis and Kevin (1983) for a sediment
soil with 60% clay, consolidated in the range 48 – 350 kPa. The critical shears stress
was determined by measuring the flow velocity near the bed at the onset of erosion in
a unidirectional flow flume-tunnel. These variations of critical shear stress with the
UCS and vane shear strength are shown in Figure 2.5.
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Figure 2.5 Relationship of critical shear stress with (a) Unconfined compressive
strength (b) Vane shear strength (Khamphuis and Kevin 1983)
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Another study by Briaud et al (2001) on 11 different soils using a newly built erosion
function apparatus revealed that the correlations of the critical shear stress and the
erosion coefficient with undrained shear strength are poor (Figures 2.6 and 2.7).
Nevertheless, the soils with higher undrained shear strength have been observed to
have lower critical shear stress values.
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Figure 2.6 Variation of critical shear stress with the undrained shear strength
(Briaud et al. 2001)
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Figure 2.7 Variation of initial erodibility with the undrained shear strength
(Briaud et al. 2001)

Supporting the above observation by Briaud et al (2001), (Awad et al (2007)
discovered that the soils with higher peak compressive strength have higher erosion
resistivity. They carried out flume experiments for a volcanic ash sandy soil (Shirasu
soil) treated with Ca(OH)2 and CaO. The proposed empirical equation in this study,
with R2 = 0.80, is:
0.087

.

(2.19)

where, Er (cm3/s) is the erosion rate and qu (kN/m2) is the peak compressive strength
of soil.
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The correlation of tensile strength (

) to the critical shears stress ( ) has been

considered by Muttuvel (2008) to validate his theoretical erosion model. Figures 2.8
and 2.9 below show the variations of critical shear stress with tensile strength for
chemically stabilized soils.
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Figure 2.8 Variation of the critical shear stress with the tensile strength for
chemically stabilised silty sand (Muttuvel 2008)
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Figure 2.9 Variation of the critical shear stress with the tensile strength for

chemically treated dispersive clay (Muttuvel 2008)

The generalized expression for critical shear stress in terms of tensile stress for two
types of soils, a dispersive clay and a silty sand, stabilized with lignosulfonate and
cement was given as:
(2.20)
where, A and B are empirical constants. For chemically stabilized silty sand A = 0.3,
B = 4.1×10-3 and for the dispersive clay A = 4.2, B = 4.2×10-3.

A linear relationship between cohesion and critical shear stress was obtained
theoretically by Reddi and Bonala (1997) for uniform soil grains bonded by
cementitious materials assuming that the failure occurs only at the particle interfaces.
It was assumed that the tensile strength is equal to the true cohesion.
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4

(2.21)

1

In Equation (2.19), Ct is the true cohesion;  is the proportionality coefficient equal
to 44.8; e is the void ratio; R is the radius of the eroding soil grain; a is the radius of
the contact are represented by a circle; and c is the critical shear stress initiating
erosion. They also proposed an expression for the mean coordination number, k, as:
1

(2.22)

;

where, Vc and Vs are the volume fractions of clay and sand, respectively; and rc and rs
are the mean radii of the clay and sand particles, respectively. Experiments have also
been carried out for sand – kaolinite mixtures in compaction permeameter to validate
the proposed equation. Based on the comparison of predictions and experimental
results, they concluded that the proposed equation could capture the cohesion in
terms of c for the soil mixtures with low clay percentages. However, when the clay
percentage is high in the soil mixture, the model was invalid due to the spherical
particle idealization. Also, the study was limited only to sand – kaolinite mixtures.
2.3

Chemical Stabilisation of Erodible and Dispersive Soils

Chemical stabilization is a popular and effective technique to control soil erosion. A
considerable amount of research has been carried out on the engineering behaviour
of stabilised erodible and dispersive soils using traditional admixtures such as lime,
cement, gypsum, slag, alum, and fly ash (Kawamura and Diamond 1975; Perry 1977;
Rosewel 1977; Ryker 1977; Machan et al. 1977; Indraratna et al. 1991; Indraratna
1996; Biggs and Mahony 2004; Ouhadi and Goodarzi 2006; Indraratna et al.
2008a,b; Indraratna et al. 2009).
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The effect of lime and cement on the raindrop impact associated erosion loss was
studied by Kawamura and Diamond (1975). They used two different erodible soils to
stabilise with lime and cement, and the erosion tests were carried out using a
simulated rainfall equipment. The effects of cement and lime on the erosion of
Crosby soil are shown in Figures 2.10 and 2.11, respectively.. They found that the
erosion loss can be reduced effectively by cement or lime treatment under severe
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Figure 2.10 Erosion losses of Portland cement treated Crosby soil at different curing

times (Kawamura and Diamond 1975)
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Figure 2.11 Erosion losses of hydrated lime treated Crosby soil at different curing
times (Kawamura and Diamond 1975)

Rosewel (1977) investigated the susceptibility of tunnelling failure of earth
embankments constructed from dispersive soils, after adding gypsum and hydrated
lime to the upstream face of the embankment. He used small-scale model dams in the
laboratory for his investigations. He observed that the failure can be controlled by
adding 0.5% by soil weight of chemical with compaction of at least 80% of the
maximum dry density.

Another study, conducted by Perry (1997), on the influence of hydrated lime
treatment on soils from flood damaged dams in Mississippi, showed that the addition
of lime converts the dispersive soils in to non-dispersive nature. From the results of
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dispersion tests of lime treated dispersive soils collected from 18 dams, 2% of
hydrated lime by dry weight was recommended for the selected soils.

Portland cement and hydrated lime were used by Machan et al. (1977) to investigate
the effectiveness of them on erosion loss. They carried out laboratory rainfall tests on
treated four Indiana soils ranging from clay to sand. However, they only tested the
erosion resistance to raindrop impact and the resistance to the tractive forces due to
flowing water was not considered. Both additives were effective in enhancing
erosion resistance, and hydrated lime has taken a week or more to achieve the full
effectiveness (Figure 2.12) while Portland cement only took 3 days.
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Figure 2.12 Effect of lime treatment on erosion loss of an Indiana clay
(Machan et al 1977)
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Indraratna et al (1991) investigated the influence of fly ash on the engineering
characteristics of a dispersive soil from Northeast Thailand. They investigated the
enhancement in erosion resistance, compressive and shear strength, compaction
properties and consolidation characteristics of the soil after fly ash treatment. Fly ash
was effective in reducing soil erosion and an optimum amount of 8% was observed
to make the soil non dispersive (Figure 2.13). Compressive strength increased with
the fly ash content and the strength increase was not significant after a curing period
of 14 days (Figure 2.14). The fly as treated soils showed lightly over consolidated
behaviour with increased preconsolidation pressure and decreased compression index
and recompression index. The compaction characteristics of treated soil showed
considerable increase in maximum dry density and decrease in optimum moisture
content up to 10% fly ash amount.
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Figure 2.13 Pinhole test results of a dispersive soil from Thailand
(Indraratna et al 1991)
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Figure 2.14 Unconfined compression test results of a dispersive soil from Thailand
(Indraratna et al 1991)

Ouhadi and Goodarzi (2006) studied the effect of alum on the engineering properties
of laboratory dispersed bentonite soil. He used sodium sulphate to make the
bentonite dispersed in the laboratory. The percent dispersion of bentonite was
reduced to below 40% due to 1.5% of alum treatment (Figure 2.15a). 5% of alum
amount caused to decrease the liquid limit of bentonite by more than 50%. Alum
treatment also resulted decrease in soil pH value (Figure 2.15b), increase in soil
compressibility and increase in coefficient of permeability attributed to flocculation
of soil particles.
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Figure 2.15 Effect of alum treatment on (a) dispersivity (b) pH value of laboratory
dispersed bentonite (Ouhadi and Goodarzi 2006)
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The effect of cement treatment on the erosion resistance of an erodible silty sand and
a dispersive clay was investigated by Indraratna et al. (2008a,b). With the increasing
amount of cement, the coefficient of soil erosion decreased and the critical shear
stress increased for both soils [Figures (2.16) and (2.17)].
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Figure 2.16 Effect of cement treatment on erosion behaviour of silty sand
(Indraratna et al 2008a)
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Figure 2.17 Effect of cement treatment on erosion behaviour of dispersive clay

(Indraratna et al 2008a)

Muttuvel (2008) reported that the tensile strength of the above mentioned two soils is
increased by cement treatment. Tensile strength-deformation curves shown in
Figures 2.18 and 2.19 illustrate these increases in tensile strength due to cement
treatment in silty sand and dispersive clay, respectively.
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Figure 2.18 Increase in tensile strength of silty sand due to cement treatment
(Muttuvel 2008)
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Figure 2.19 Increase in tensile strength of dispersive clay due to cement treatment
(Muttuvel 2008)
38

However, such traditional admixtures (i.e. cement, lime, fly ash etc.) are not
frequently used because of the various threats to the environment attributed to
inadvertent increase in soil and ground water alkalinity. Moreover, traditionally
stabilised soils have very high values of pH (Little 1995; West and Carder 1999;
Rollings et al. 1999; Hassan et al. 2008; Auststab 2012; Kitazume and Terashi 2013),
which often affects the longevity of concrete reinforcements and steel frame
structures (e.g. Biggs and Mahony 2004; Perry 1977). On the other hand, the
traditionally treated soil exhibits excessive brittle performance when treated with
excessive amounts (e.g. Sariosseiri and Muhunthan 2009) that affects the stability of
structures, especially during cyclic and impact loading from high speed rail and
aircraft runways. In this context, it is necessary to find out an alternative soil
stabilizer, which could provide sustainable soil improvement without harming the
environment.
2.4

Lignosulfonate as a Soil Stabiliser

Lignosulfonate is a by-product of paper manufacturing industry from wood
processing and is a dark brown liquid that smells like vanilla, as described by Karol
(2003). They are non-corrosive, non-flammable, non-toxic (Chemstab 2003) and
environmental friendly (Tingle and Santori 2003) chemical substances. According to
Xiao et al (2001), more than 50 million tons of lignin is produced annually in the
world. Since the trees as raw materials in paper mills are different to each other, the
composition of lignosulfonate is varied from one batch product to another depending
on the source and wood process (Karol 2003; Morgan et al 2005). Karol (2003)
suggested a general formula for lignin (Figure 2.20) since the chemistry of this lignin
is very complex.
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Figure 2.20 Suggested formula for lignin (Karol 2003)

Commercially available forms of lignin are Calcium, Sodium, Magnesium and
Ammonium lignosulfonates. Generally, lignosulfonates are water soluble acidic
liquids with pH of 4-5 (Rezanowich 1960). Karol (2003) postulated that the increase
in pH value of lignosulfonate gel results a dramatic decrease in its strength and
H2SO4 or NaOH can be added to control the pH value, if the pH value is originally
above 6. The variation of setting time and gel strength with pH value are shown in
figures below.
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Figure 2.21 Variation of pH value on Setting time (Karol 2003)
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Figure 2.22 Variation of pH value on gel strength (Karol 2003)

Lignin has been identified as a binder to form cementitious bonds between soil
particles and a seal over the surface by Fracer (2003) and Birst and Hough (1999).
Effectiveness of Lignosulfonate as a suppressant to control emission of dust in
unpaved roads has been investigated and compared with some other suppressants in
several studies. Sanders and Addo (1993) and Sanders et al (1997) found that the
lignin derivatives are effective in dust controlling. The amounts of dust emissions
measured on unpaved road test sections treated with additives in Colorado are shown
in Figure 2.23, while the cost effectiveness of different additives is compared in
Figure 2.24. It can be noticed from Figure 2.23 that MgCl2 and lignin performed
similarly and reduced the amount of dust emitted from the unpaved road tested.
Figure 2.24 shows that lignin is more cost effective than CaCl2 at higher average
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daily traffics. However, MgCl2 has performed better than both lignin and CaCl2 in
terms of cost effectiveness.
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Figure 2.23 Dust measurements from test sections stabilized with suppressants
(Sanders et al 1997)
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Figure 2.24 Cost of treatment versus Average Daily Traffic (Sanders et al 1997)

Another study on strength and physical properties of lignosulfonate treated soils was
conducted by Puppala and Hanchaloet (1999). He carried out Triaxial tests,
unconfined compressive strength (UCS) tests, Atterberge limit tests and standard
compaction tests for a stabilized silty clay soil. The stabilizer was of two ingredients;
liquid sulfuric acid (SA-44) and lignosulfonate (LS-40). Liquid sulfuric acid (SA-44)
was the primary stabilizer to increase the strength by pozzolanic reactions and
lignosulfonate (LS-40) was the secondary stabilizer to minimize brittleness, control
dust and to increase shear strength. Treatment of soil with this stabilizer diluted at
1:0.1:200 and 1:0.1:300 (SA-44:LS-40:Water) resulted noteworthy increments of
UCS, cohesion intercept and friction angle. The optimum moisture content got
increased and maximum dry density increased slightly with stabilization. Liquid limit
and plasticity index were detected to be dropped slightly after treatment.
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Tingle and Santoni (2003) studied the unconfined compressive strength (UCS) of
low plasticity and high plasticity clayey soils before and after stabilization with
twelve non-traditional stabilizers and compared with cement and lime stabilization.
He observed a great improvement in UCS values for lignosulfonate treated soils
under both dry and wet conditions and more effectiveness for soils with lower
plasticity. The optimum amount of lignosulfonate was 5% for the low plasticity
clayey soil (CL). Increment of UCS for 3.37% lignosulfonate treated soils (Figure
2.25) was more than that of 7% cement treated soils.
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Figure 2.25 UCS test results for low plasticity clayey soil (CL) stabilised with acid,
lignosulfonate, petroleum emulsion and tree resin (Tingle and Santoni 2003)
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Indraratna et al (2008a,b) and Muttuvel (2008) stabilized erodible silty sand and
dispersive clay with lignosulfonate and compared the results with cement treatments.
The erosion resistance of both soils was enhanced with the treatment and 0.6%
lignosulfonate or 2.0% cement was needed for silty sand to become non erodible.
They concluded that lignosulfonate was more effective for silty sand than for
dispersive clay in controlling erosion. Furthermore, the tensile strength and
compressive strength of both soils were increased with treatment and no significant
effect was observed in maximum dry density and optimum moisture content. Figures
2.26, 2.27 and 2.28 show the improvements in compressive strength, tensile strength
and erosional behaviour of silty sand due to stabilization with lignosulfonate,
respectively.
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Figure 2.27 Improvement in coefficient of soil erosion and critical shear stress of
lignosulfonate treated silty sand (Indraratna et al 2008a)

Other than the effectiveness of lignosulfonate in binding particles, it has some other
advantages over the traditional admixtures. Being a by-product has caused
lignosulfonate to be cheaper than other soil stabilizers. The study of cost
effectiveness of road dust suppressants by Sanders et al (1997) estimated a 28-42%
reduction in total annual maintenance cost for unpaved roads compared with
untreated roads. Moreover, non-corrosive and non-toxic nature of lignosulfonate
makes it environmentally friendly by causing no negative impact on ground and
surface water (Jones and Mitchley 2001). Also, it does not change the pH value of
soil significantly after treatment and therefore does not prevent growing vegetation
on top of the treated soil (Muttuvel 2008; Vinod et al 2010). This will be beneficial
especially for the slope of the dams and highway embankments. Another advantage
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is that the amount (in terms of % weight or % volume) of lignosulfonate needs to
stabilise the soil is less than some of the traditional admixtures such as cement,
especially regarding compressive strength and erosion resistance (Tingle and Santori
2003; Muttuvel 2008).

To understand the interaction mechanism of lignosulfonate with soil particles, a
micro-chemical analysis has been performed for LS treated and untreated dispersive
clay (Indraratna et al 2008; Vinod et al 2010). X-Ray Diffraction (XRD) analysis has
shown that there are no amorphous or non-crystalline compounds found in LS treated
dispersive clay and no change in crystalline orientation due to treatment. Further
XRD analysis on crystalline size of clay minerals before and after treatment has
revealed that the order of crystalline size reduction depends on the type of clay
mineral and the order is montmorillonite > illite > kaolinite. The reduction in
crystalline size of clay minerals is due to the electrostatic reaction between the clay
minerals and LS. This electrostatic reaction causes the surface negative charges of
clay minerals to be dropped and the bonding between the clay minerals to be
enhanced. The functional groups and the chemical compositions of lignosulfonate
have been determined using Fourier Transform Infrared Resonance (FTIR) analysis
and Scanning Electron Microscopy & Energy Dispersive X-Ray Spectroscopy
(SEM-EDS) analysis, respectively. Based on the findings of FTIR and SEM-EDS
analysis, the structure of lignosulfonate has been developed (Figure 2.28).
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Figure 2.28 Structure of lignosulfonate (Vinod et al 2010)

Further FTIR analysis on LS treated and untreated dispersive clay has revealed that
the functional groups of LS are present in the LS treated clay. Based on this
observation they have concluded that the ionic bonds are formed between the clay
mineral lattice and the LS functional groups and that the LS presents in the interlayer
spacing of clay minerals.

Based on the micro-chemical analysis described above, Vinod et al (2010) have
proposed a stabilisation mechanism for LS treated dispersive clay. When water and
+

LS mixture is added to the soil, water disintegrates into Hydrogen (H ) and
-

+

Hydroxyl ions (OH ). Then, LS is protonated by H and releases water resulting in a
positively charged compound. These newly formed and positively charged LS
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compounds neutralises the negative charges on the clay mineral surfaces. This
neutralisation causes to reduction in crystalline size (double-layer thickness) of clay
minerals as observed in XRD analysis. A schematic diagram of the process of
stabilisation mechanism of dispersive clay by LS is shown in Figure 2.29. In a
typical soil mineralogical structure, clay mineral layers are bonded by inter-layer
bonding materials [Figure 2.29 (a)]. Once the mixture of LS and water is added to the
soil, the electrostatic reaction (neutralisation of excess negative charges of clay
mineral surface by positively charged LS) occurs. This reaction forms bonding
between soil particles and the LS polymer chains draw soil particles together to form
grain clusters [Figure 2.29 (c)].

Figure 2.29 Schematic diagram for stabilisation of soil by lignosulfonate
(Vinod et al 2010)

Since understanding the mechanism of soil stabilisation by lignosulfonate is very
important to use the chemical effectively, further verification of this proposed
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mechanism is needed with the support of additional micro-chemical analysis on a
range of soil types treated with LS. However, detailed chemical analysis of LS
treated soils is beyond the scope of this study.
2.5

Modelling of Erosion of Chemically Stabilised Soils

The only theoretical erosion model to predict the erosion rate of chemically
stabilized soil, reported in literature, was developed by Muttuvel (2008). In this
model, the erosion rate was related to the tensile stress-deformation characteristics,
mean flow velocity, dry density, and mean particle diameter of soil. It was assumed
that the soil grains are spherical in shape and the effect of gravity on the fluid flow
through the crack is negligible as the crack is horizontal. The model was based on the
law of conservation of energy where the sum of the energy required for particle
detachment and transportation was equated to the energy dissipated by water for
erosion. The equation proposed for the erosion rate was given as:
(2.23)
3

2

where, (kg/s/m2) is the rate of mass erosion;
hydraulic shear stress;

is the efficiency index;

(Pa) is the

(Pa) is the critical shear stress; V (m/s) is the mean flow

velocity through the crack;

(Pa) is the tensile stress of the stabilized soil;

is the failure tensile deformation

(m) is the tensile deformation;

(m)

(kg/m3) is the

dry density of the soil; and D (m) is the mean particle diameter. In Equation (2.23),
the integration term

is the area under the tensile stress-deformation

curve (Figure 2.30) and was determined from the results of uniaxial tensile tests for
chemically treated soils.
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Figure 2.30 A typical tensile deformation behaviour (Modified after Muttuvel 2008)

However, the tensile strength tests are suitable only for the soils cohesive in nature or
soils that gained a cohesion intercept due to stabilization. Therefore, it should be
noted that this model is inapplicable for the untreated silts and sands which are more
erodible than the cohesive soils. Hence, it is essential to develop a comprehensive
theoretical erosion model that can be applicable for both stabilised and unstabilised
erodible soils, incorporating a most widely used soil parameter such as shear
strength.
2.6

Importance of Shear Strength in Erosion Modelling

During soil erosion, when a shear stress is applied on the soil surface by the flowing
fluid, the soil particles provide a resistance to this applied hydraulic shear stress.
When the applied hydraulic shear stress exceeds a critical value, i.e. the critical shear
stress ( ), the equilibrium of soil grains break and the erosion begins (Figure 2.31).
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Figure 2.31 Particulate diagram showing the applied and resistance shear stresses
before and during soil erosion

When the eroding fluid comes to equilibrium with pore water, the effective normal
stress acting on the soil surface becomes zero (Atkinson et al. 1990). Under zero
effective normal stress, the resistance of soil particles to applied hydraulic shear
stress is mainly governed by the inter-particle bonds and the friction between soil
particles due to interlocking. Therefore, if the soil particles can provide more shear
resistance at zero effective normal stress, by increased bonding between particles and
increased frictional resistance, the critical shear stress also get increased. As the
critical shear stress increases, the excess hydraulic shear stress (

) decreases

and thereby the erosion rate also decreases. Hence, in modeling the soil erosion, the
resistance of soil to shearing is a key parameter. However, it is very important to
consider the shear strength under zero effective normal stress for erosion modeling.
2.7

Shear Behaviour of Chemically Stabilised Sands

A number of studies on the behaviour of chemically stabilised sands have been
reported in literature covering a wide range of mechanical properties including peak
and residual/ultimate strength, stiffness, brittleness, cohesion intercept, peak and
residual/ultimate friction angle and volumetric responses. Most commonly used
additives are cement, lime, gypsum and fibre. However, the reported results have not
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been entirely compatible with each other. The findings of few selected recent studies
on shear behaviour cement treated sands are summarised in Table 2.5. With the
increasing amount of cement, the peak shear strength, cohesion intercept and the
stiffness has been increased generally while the residual/ultimate shear strength has
not been practically affected by the cementation. Also, all of the soils have become
highly brittle after being stabilised by cement. The findings of Abdulla and Kiousis
(1997) show no effect on the peak friction angle by the cementation. On contrary,
Schnaid et al (2001) and Wand and Leung (2008) reported higher friction angles
after cement treatment.
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Table 2.5 Summary of the effect of cement stabilisation on shear behaviour of sands reported in recent literature
When the amount of cement increases
Soil type

Test condition

non-plastic
silty sand
(SM)

Reference

Peak strength

Residual/Ultimate
strength

Stiffness

Brittleness

Peak friction
angle

Residual/Ultimate
friction angle

Volume change

Cohesion
intercept

At MDD & OMC,
7 days cured, Saturated,
Drained triaxial tests

Increases

Not affected

Increases

Increases (become
highly brittle)

High for
treated soil

No clear
relationship

Initially more
compressive,
then strong dilations

Increases

Schnaid et al
(2001)

Ottawa 20-30
sand

At a loose state
(e0=0.72), 7 days cured,
Saturated, Drained
triaxial tests

Increases

Slightly increases

Increases

Increases

Increased
slightly

Increased slightly

More dilative

Increases

Wang and
Leung (2008)

non-plastic
silty sand
(SM)

At MDD & OMC,
7 days cured, Saturated,
Drained triaxial tests

Dramatically
increased

Not affected

Dramatically
increased

Strongly brittle

-

-

Dilation rate
increases

-

Consoli et al.
(1998)

poorly graded
sand (SP)

Compacted, Dry
triaxial tests

Increases

-

Increases

Increases (become
highly brittle)

Unaffected

-

Initial compression
increases

Increases

Abdulla and
Kiousis (1997)

Table 2.6 Summary of the effect of gypsum as the stabilisation agent on shear behaviour of sands reported in recent literature
When the amount of gypsum increases
Soil type

Test condition

Ottawa 20-30 sand

Reference

Peak strength

Residual/Ultimate
strength

stiffness

Brittleness

Volume change

Cohesion
intercept

At a loose state (e0= 0.72),
7 days cured, Saturated,
Drained triaxial tests

Increases are pronounced at
lower confining pressures

-

Increases are
pronounced at lower
conf. pressures

Not changed

More contractive

-

Wang and
Leung (2008)

Sandy gravel
(SW-SM)

consolidated, drained, at
dry condition

Increases

Higher for treated
soil

Increases

Increases

More dilative for
treated soil

-

Haeri and
Hamidi (2006)

Two poorly graded
sands (SP)

saturated, consolidated,
drained triaxial tests

Increases at higher level of
cementation
Higher than uncemented soil at
lower confining pressures at
lower cementation level

-

Higher for higher
cementation level
Higher at lower
confining pressures at
lower cementation level

More dilative

Increases

Lee et al
(2009)

Not affected
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Table 2.6 summarises the effect of gypsum cementation on various mechanical
properties of sands reported in recent literature. The studies by Haeri and Hamidi
(2006) and Lee et al. (2009) show quiet consistent results for gypsum treated sands in
dense state. The peak shear strength and the brittleness have been increased and the
volume change has become more dilative after the stabilisation. However, the
residual/ultimate strength was observed to be higher for treated soil by Haeri and
Hamidi (2006) and it has remained unchanged according to Lee et al. (2009). In
contrary to the above mentioned two studies, Wang and Leung (2008) has observed
that the increases in peak strength and stiffness of gypsum treated Ottawa 20-30 sand
are pronounced only at lower confining pressures. Also, the brittleness was found to
remain unchanged and the volume change was more compressive after the gypsum
treatment. This incompatible behaviour of the gypsum treated sands may be
attributed to the difference in the density of the samples tested.

Haeri et al (2008) studied the behaviour of a limy cemented gravelly sand and
observed that the peak strength, cohesion intercept, stiffness and brittleness increase
while the volume change becomes more dilative with the increasing amount of lime.
There was no clear relationship for the peak friction angle with the amount of lime,
but, it has been higher for treated soil. Figure 2.32 shows the stress-strain behaviour
and the volume change due to lime treatment at 100kPa of confining pressure as
reported by Haeri et al (2008).
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Figure 2.32 Influence of cementation on (a) shearing behaviour for drained samples
(b) Volume changes during shearing under
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100

(Haeri et al. 2008)

The influence of fiber addition on shear behaviour of cemented and uncemented
sandy soil was studied by Consoli et al. (1998). Addition of fiber to uncemented soil
has resulted moderate increases in peak and residual shear strengths, a reduction in
the stiffness and no noticeable change in the brittleness. The volumetric behaviour of
fiber reinforced soil has showed more compressibility initially and less expansion
afterwards than that of natural soil. Addition of fiber to cemented soil has increased
both the peak and residual shear strengths and decreased the stiffness of cemented
soil. It has also resulted in a remarkable reduction in the brittleness index of the
cemented soil, in average from 2.6 to 0.6 due to 3% fiber inclusion, making the
material more ductile. The stress-strain and volume change behaviour of fibre
reinforced soils are illustrated in Figure 2.33.
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Figure 2.33 Stress-strain-volumetric responses for fiber reinforced and nonreinforced soils at confining pressure of 20 kN/m2 (Consoli et al. 1998)
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An additional analysis to understand the changes in soil properties due to fiber
inclusion is provided by the data given in Table 2.7. It has been suggested by Consoli
et al. (1998) that the cohesion is mainly due to the cementation as the cohesion
intercept is not practically affected by the fiber inclusion.

Table 2.7 Peak and residual strength parameters, elastic parameters for nonreinforced and fiber reinforced soils in triaxial compression tests (Consoli et al.
1998)
Residual strength

(%)

(kN/m2)

(degrees)

(kN/m2)

(degrees)

0

0

11-39

9.9

35

5.4

34

0

3

7-19

6.9

46

3.8

46

1

0

48-63

56.7

41

2.8

34

1

3

27-55

66.9

46

34.4

43

Fiber
content

(%)

2.8

Peak strength

Secant elastic
modulus at
0.5% axial
strain

Cement
content

Constitutive Modelling of Stabilised Soils

In the recent past, a number of constitutive models have been developed to predict
the stress- strain behaviour of soils stabilised with traditional admixtures. Some of
them have incorporated the stabilisation by introducing new model parameters into
an existing constitutive model (e.g. Gens and Nova 1993; Liu et al. 1997; Kasama et
al. 2000; Lee et al. 2004, Namikawa and Mihira 2007) while the others have
modelled the behaviours of untreated soil and bonding material separately and
combined them through the consistency equations to obtaine the bonded behaviour
(e.g. Haeri and Hamidi 2009; Abdulla and Kiousis 1997). The experimental
investigations have revealed that the stress-strain behaviour of the lignosulfonate
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treated soil is noticeably different from the soils stabilised by other traditional
admixtures. For instance, unlike the cement treated soil, there is no significant
increase in the stiffness or the brittleness in soil due to lignosulfonate treatments.
Therefore, the above mentioned models developed for cement stabilised soils cannot
be used in predicting the lignosulfonate treated soil behaviour.

A simple constitutive model has been proposed for lignosulfonate treated soils in the
triaxial space by Vinod and Indraratna (2011). It is an extension of a model
developed by Dafalias (1987) and the degree of stabilisation has been taken into
account using a newly proposed model parameter which can be calculated from the
shear band thickness. However, this model is in the conceptual stage and taking
accurate measurements of the shear band thickness required to calculate the new
model parameter is difficult. Also, this model cannot be applied to predict the direct
shear test results as the failure surface is already defined and measuring the shear
band thickness is more difficult in the direct shear tests.

The Disturbed State Concept (DSC), proposed by Desai and his co-workers, is a
unified approach that can be used in both the triaxial and the direct shear spaces and
most of the Critical State and Cap models are included in this concept as special
cases (Desai 2001). DSC has various hierarchical models to include additional
factors such as associativeness, non-associativeness, isotropic or anisotropic
hardening, linear/non-linear elasticity, elatoplasticity, thermoplasticity, thermo
viscoplasticity etc. This approach can also be used to model the behaviour of the
bonded materials such as stabilised soils. The hierarchical versions of the DSC are
shown in Figure 2.34.
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DISTURBED STATE CONCEPT

RELATIVE INTACT STATE

FULLY ADJUSTED STATE

• Linear/non-linear elasticity

• Zero Strength

• Plasticity: associative, non-

• Zero shear strength but finite

associative, isotropic, hardening

hydrostatic strength

• Elastoviscoplasticity (Creep)

• Critical state

• Thermoplasticity

• Other

HIERARCHICAL VERSIONS

• Linear/non-linear elasticity
• Elasto-plasticity 1: Classical plasticity (Von Mises, Mohr
Coulomb, Druker –Pager etc.)
• Elasto-plasticity 2: Continuous plastic yielding or hardening
• Hierarchical Single Surface Plasticity (HiSS)
• Elasto-viscoplasticity
• Elasto-thermoplasticity
• Elasto-thermoviscoplasticity
 Above with disturbance, fracture and softening

Figure 2.34 Versions of HiSS models in DSC (Desai 2001)

In the DSC, the responses of a material corresponding to two reference states that are
defined as Relative Intact (RI) and Fully Adjusted (FA) are combined through the
disturbance function (D), to obtain the actual response of the material. In modelling
the behaviour of a bonded material, there are four approaches introduced by Desai
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(2001). The RI and FA states corresponding to each approach are different and are
summarised in Table 2.8. However, there is no DSC model for cemented soils
reported in literature, to the knowledge of the author.

Table 2.8 Responses corresponding to RI and FA states in different approaches used
in modelling the bonded material in DSC (Desai 2001)
Approach

RI response

FA response

1

Linear elastic/elastoplastic response

Residual state/critical state

2

Linear elastic/elastoplastic response

3
4

2.9

Actual response of bonding
material
Actual response of the bonded material is the sum of the responses of
unbonded material and the bonding material
Actual response of unbonded
Actual response of bonding
material
material

Summary

This chapter discussed about the finding of the previous researches about the factors
controlling soil erosion, effectiveness of traditional chemical stabilisers to control
soil erosion and the current state of modelling of erosion of chemically treated soils.
Lignosulfonate was identified as an environmentally friendly soil stabiliser that does
not change the pH value of soil after treatment. Shortcomings of the existing erosion
models were recognized during the literature review and shear strength
characteristics were found to be suitable to incorporate in modelling lignosulfonate
treated silty sands. Therefore, the influence of chemical treatments on shear
behaviour of sands was also reviewed. From the review of the recent literature on
constitutive modelling of the cemented soils, requirement of a new constitutive
model for lignosulfonate treated soil was identified.
63

3 THEORETICAL EROSION MODEL
3.1

Introduction

This chapter explains the detailed procedures of developing a rigorous theoretical
erosion model to predict the erosion rate incorporating the shear strength
characteristics of lignosulfonate treated soil. The energy required by the soil particles
for mass erosion was formulated and equated to the energy dissipated by the fluid
flow adapting law of conservation of energy. The chapter concludes with a brief
description about the methods used to predict the model parameters and a concise
discussion about applying the proposed erosion model.
3.2
3.2.1

Theoretical Model Development
Mechanism of Particle Detachment for Erosion

The detachment mechanism of individual particles from the soil bed under applied
hydrodynamic forces is important in formulating the process of erosion. Several
studies have been conducted to determine the mechanism of particle detachment,
such as rolling or sliding (Hubbe 1985; Sharma et al. 1992; Reddi and Bonala 1997;
Briaud et al. 2001; Middleton and Southard 1978). Hubbe (1985) carried out co-axial
shearing tests for uniform colloidal TiO2 spheres to determine the critical mechanism
of particle detachment from rough surfaces and concluded that the mechanism is by
rolling when the hydrodynamic force applied to the sphere exceeds a critical value.
Sharma et al. (1992) conducted centrifuge and flow experiments for 10m particles
of glass and 40m particles of polystyrene and concluded that the particles are
released from surfaces by rolling, rather than by sliding or lifting. This concept was
implemented by Reddi and Bonala (1997), who used the rolling mechanism to
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correlate the inter-particle bond strength with the hydrodynamic force applied to a
particle. Briaud et al. (2001) derived equations for critical shear stress initiating
erosion considering sliding and rolling of particles separately and compared them
with the Erosion Function Apparatus (EFA) test results. They concluded that sliding
is not the mechanism involved in eroding clean sand and gravel, or it may be a
combination of both sliding and rolling. However, EFA has been used to study the
scour rate under bridge piers by applying a flow velocity of 0.1- 6 m/s, which is a
much higher value to apply in internal crack erosion. A more relevant application of
this rolling mechanism can be found in Middleton and Southard (1978).

In the current study, the beginning of movement of an average grain has been
formulated assuming that it will start to move by rotating about a pivot provided by
contact with other grains. Thus the theoretical model considers rolling to be the
mechanism by which particles are detached from the soil bed due to hydrodynamic
forces.
3.2.2

Model Concept

When the hydrodynamic forces placed on chemically bonded grains exceed a critical
value, the inter-particle bonds are broken and the grains come into suspension. These
suspended particles are then transported by the eroding fluid, which completes the
process of erosion. The energy required by the particles to erode should be equal to
the energy dissipated by the excess hydraulic shear stress during erosion. This energy
required by the particles to erode is the sum of the energy required to break the interparticle bonds and the energy required to bring the particle into full suspension
reaching flow velocity, assuming no re-settlement occurs once the particles are fully
65

suspended. The erosion model described below is based on the energy conservation
principle and the formulation of aforementioned components is explained in the
following.
3.2.3

Energy Required to Break Inter-particle Bonds

Figure 3.1 and Figure 3.2 describe the average and actual failure surfaces, and the
applied and resistance forces on one inter-particle bond under plane shear,
respectively.

Figure 3.1 Failure Surface of a specimen under plane shearing

Figure 3.2 Definition of applied forces, resistant forces and deformations of two
particles at contact point i under plane shearing
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As shown in the Figure 3.2, Fni (N) is the applied normal force, Fsi (N) is the applied
shear force due to shearing, Si (N) is the mobilized shearing resistance along the
failure surface, and Ni (N) is the mobilized normal resistance at the contact point. At
the ith contact point,
cos
sin

(3.1)

sin
cos

(3.2)

where,  (deg)is the angle of reference particle to the vertical with respect to the
contact particle. For deformation vectors,
(3.3)

tan

(3.4)

cos

where, xi (m)and yi (m) are the displacements of ith contact along and normal to the
average failure surface respectively, and di (m) is the displacement along the failure
surface of ith contact.

In the process of plane shear failure, it can be considered that there are two steps
involved; (i) breaking the inter-particle bonds, and (ii) overcoming the frictional
resistance. Therefore, the total work done by the applied normal and shear forces will
include the energy required to break the inter-particle bonds and for overcoming the
frictional resistance. If the energy required for breaking the ith inter-particle bond is
taken as Ebi (J), then,
(3.5)
where, Fi (N) is the frictional resistance between the soil grains. Once the interparticle bond is broken, the particles can be considered as having no cohesion and the
frictional resistance can be expressed by eliminating the cohesion term as;
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cos

(3.6)

sin

where, i is the coefficient of friction between particles. Substituting Equations (3.3),
(3.4) and (3.6)in Equation (3.5), Ebi can be given as:
1

(3.7)

tan

tan

If the number of inter-particle bonds in a unit surface area is n (per m2), then the
applied effective normal stress [n′ (Pa)], the measured shear resistance [′ (Pa)] and
the measured shear displacement [ds (m)] can be related to:
(3.8)
(3.9)
(3.10)
Substitution of Equations (3.8), (3.9) and (3.10) in Equation (3.7) yields:
1

(3.11)

tan

tan

Replacing the infinitesimal increments by the appropriate differential increments,
and then writing in an integral form, Equation (3.11) becomes:

1

1

tan

tan

(3.12)

where, dsf (m) is the measured shear displacement at failure along the average shear
surface. After integrating in the range Ebi from 0 to Ebi and ds from 0 to dsf, the
energy required to break a single inter-particle bond is given by,
1

1

tan

tan

(3.13)

The effective area per particle [Aep (m2)] in the shear surface can be expressed as:
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(3.14)
where, q is a constant that depends on the packing arrangement of particles and D
(m) is the mean particle diameter. Then, the total number of particles (n′) in a unit
surface of the shear surface is,
1

(3.15)

Average number of bonds per particle (k′), which can be written as ⁄ , can then be
expressed by:
(3.16)
The energy required for a single soil particle to break the inter-particle bonds (Eb)
can now be written as:
(3.17)
Substituting Equation (3.13) and (3.16) in to Equation (3.17) yields:

1

(3.18)

tan

tan

Bishop (1954) developed a correlation between  and  based on shear box testing
conducted on granular materials and proposed:
2
sin
3

(3.19)

where,  (deg) is the angle of internal friction of soil. After converting the shear
displacement into shear strain and substituting Equation (3.19) in Equation (3.18), Eb
can then be evaluated by:

100

1

2
sin
3

tan

tan
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2
sin
3

(3.20)

where, h0 (m) is the initial height of the specimen that undergoes direct shear,  (%)
is the shear strain and f (%) is the shear strain at failure. The term

in

Equation (3.20) is the strain energy density due to shearing (area under the shear
stress- strain curve) up to the failure as shown in Figure 3.3, obtained from shear
tests conducted under a given effective normal stress (′n).

Figure 3.3 Area under the Shear Stress-Displacement curve up to failure under ′n

The erosion tests were conducted without any effective normal stress on the soil
surface, which ensured real field conditions. Therefore, it is important to calculate Eb
also for this condition of zero effective normal stress. For this purpose, the strain
energy density up to peak strength for ′n= 0 can be predicted from the experimental
results, while the normal stress term in Equation (3.20) is set to zero. Therefore:

100

1

2
sin
3

tan

(3.21)

The above term will be affected by chemical treatment, and it is postulated that the
shaded area under the curve (Figure 3.3) will be increased. Subsequently, the energy
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required by a single soil grain to break the inter-particle bonds after stabilization can
be expressed by:

1

100

The superscript

*

2
sin
3

tan

(3.22)

(asterix) was used to indicate the terms influenced by

lignosulfonate stabilization.
3.2.4

Energy Required to Bring the Particles into Suspension

The energy required for a single particle to come into suspension is formulated by
considering its movement as two distinct processes. First, it will roll on the contact
particle until the contact is lost, and then it will lift while moving with the fluid flow
until it attains the same velocity as the fluid flow.
3.2.4.1 Energy Required for a Particle to Roll on the Contact Particle
As illustrated in the Figure 3.4, a particle located at an angle of  (deg) from the
vertical plane through the axis of crack is considered as the reference particle. The
velocities and the forces acting on the reference particle in the X-X plane (Figure
3.4) along the crack are shown in the Figure 3.5.
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Figure 3.4 The position of the considered reference particle inside the crack

Figure 3.5 (a) velocities and (b) forces acting on the reference particle

Due to the moment around the contact point developed by the drag force [FD (N)], lift
force [FL (N)], and the weight component of the grain normal to soil bed [WS cos
(N, the particle is forced to roll on the surface of the contact particle beneath it with
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an angular velocity of p (rad/s) around its centre (O’). The linear velocities of the
particle in the tangential and radial directions can be written as Vt (m/s) and Vr (m/s)
respectively.
Since the radius of the rolling path is assumed to be constant, Vr = 0, and hence
acceleration in the radial direction (m/s2) is ar = 0. Applying the equations of motion,
in the radial direction, ∑
cos

:

cos

(3.23)

sin

where, NF (N) is the normal force on the reference particle acting at the contact point
and  (deg) is the angle by which the reference particle has rolled.
In the tangential direction, ∑
cos

cos

:

(3.24)

sin

where, FF (N) is the friction force acting at the contact point, m (kg) is the mass of
the soil grain and at (m/s2) is the linear acceleration of the particle in the tangential
direction.
For the angular motion, ∑

:
(3.25)

2

where, IG (kg∙m2) is the moment of inertia of the soil grain about its centre of gravity
and  (rad/m2) is the angular acceleration of the particle.
Assuming that slipping does not take place when the particle is rolling, from the
kinematic equation;
(3.26)

2

Substituting Equation (3.26) and

⁄10 into Equation (3.26) gives:

2
5

(3.27)
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Substituting Equation (3.27) into equation (3.24) gives:
5
7

cos

(3.28)

sin

cos

From the fundamental equations of kinematics,
(3.29)

2

Substitution of at from Equation (3.29) into Equation (3.28) yields:
5
7

cos

2

sin

cos

(3.30)

Assuming FD and FL are not changing with , integration solution of Equation (3.30)
yields:
5
7

sin

At the instant

sin

cos

cos

cos

(3.31)

, the moving particle leaves the contact surface of the other

particle and NF = 0. Therefore, solving the Equation (3.23) for these conditions gives
the value of
tan

as:
cos

(3.32)

From the principles of work and energy,
Work Done = Difference in Kinetic Energy
Hence, assuming there is no kinetic energy at

0, the work done [WDR (J)] in

rolling the particle on contact particle is given by:
1
2

(3.33)

In Equation (3.33) the values of Vt and p should be at
, and substituting

2 ⁄ and
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. Substituting Vt2 at

⁄10 into Equation (3.33) gives:

7
10

(3.34)

3.2.4.2 Energy Required for a Particle to be Suspended
After completing the process of rolling described above, the soil particle will be
suspended in the water flow and will attain the same flow velocity. The work done
by the fluid flow on the particle to bring it into suspension is formulated in this
section. The forces and velocities acting on the soil grain are presented in Figure 3.6.

Figure 3.6 Forces and velocities acting on the particle at the beginning and end of the
suspension process

When the soil particle has attained the full suspension state, it is assumed that the
particle reaches the same flow velocity [Vf (m/s)]. Consequently, the drag force
becomes zero. Also, the vertical velocity will be zero if the particle is assumed to
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move along with lateral flow, and the lift force will balance the submerged weight of
the particle.

For the convenience of formulation, it is assumed that the magnitude of the drag
force would change linearly from FD(max) to 0, and also the lift force would vary
linearly from FL(max) to WS cos when the particle transfers from the soil bed to the
state of suspension. Then, the lift force and drag force in this intermediate state can
be written as:
(3.35)
and Sp (m) is the distance travelled by the particle

⁄

where,
parallel to soil bed.

(3.36)
where,

cos

and Sn (m) is the distance travelled by the

particle normal to the soil bed. In order to formulate the work done in this process,
the distances travelled by the soil grain in tangential and normal directions to the soil
bed should be estimated. Applying the equations of motion tangential to the soil bed,
∑

:
(3.37)

where, Vp (m/s) and ap (m/s2) are the velocity and acceleration of the particle
respectively, in the tangential direction to the soil bed. Therefore,

(3.38)
where, Vp(0) (m/s) is the velocity of the grain in the tangential direction at Sp=0.
Further simplification leads to:
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2

(3.39)

0

Equation (3.39) gives the value of Sp(max) as:
(3.40)
Writing the equations of motion normal to the soil bed, i.e., ∑

:
(3.41)

cos

where, Vn (m/s) and an (m/s2) are the velocity and acceleration of the particle
respectively, in the normal direction to the soil bed. Integration of Equation (3.41)
yields:
(3.42)

cos

In the above, Vn(0) (m/s) is the velocity of the grain in the normal direction at Sn=0.
Solution by integration gives:
2

cos

(3.43)

0

Equation (3.43) gives the value of Sn(max) as:
(3.44)

cos

The work done in time dt can be expressed by:

Which leads to:
(3.45)

cos

cos

Upon integration, the work done (WDS) in the suspension process is given by:
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(3.46)

2

cos

(3.47)

2

Substitution for mD, mL, Equation (3.40) and Equation (3.44) in Equation (3.47)
gives:
cos
2

2

(3.48)

2

Now, Vp(0) and Vn(0) can be related to the tangential velocity (Vt) at

as:

cos

(3.49)

sin

(3.50)

Substitution of Equation (3.49) and Equation (3.50) into Equation (3.48) yields:
(3.51)

2

Now, the total energy required for one particle (

), at an angle of , to be eroded is:
(3.52)

3.2.5

Formulation of Rate of Erosion

Figure 3.7 shows the change in the radius of the crack of a specimen subjected to
erosion test by drt in a time interval of dt. It is assumed here that the radius of the
crack would change linearly over time and that erosion would be uniform over the
crack surface.
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Figure 3.7 Change in crack radius of the test specimen caused by erosion

If the number of particles in a unit volume is N, then,

N

dry density of the soil
mass of one soil particle

Using weight-volume relationships,
6

(3.53)

where, d (kg/m3) is the dry density of soil, Gs is the specific gravity of soil and w
(kg/m3) is the density of water. Considering an infinitesimally small volume (dv) of
soil at an angle of Figure 3.7,
(3.54)
where, rt (m) is the radius of the crack at time t and l (m) is the length of the crack.
Then, the number of particles (Ndv) in the volume of dv is given by:
6

(3.55)

79

If the energy required to erode one particle at an angle  is denoted by
E*Equation(3.52), then the total energy [Edv (J)] required to erode a dv volume of
soil is given by:
6

(3.56)

From Equation (3.56), the total energy (ET) required for erosion in time dt can be
calculated by:
12

(3.57)

The energy dissipated by excess hydraulic shear stress (E′) during erosion over time
dt was given by Muttuvel (2008) as:
∆

2

(3.58)

where,  is the efficiency factor used to capture the energy loss due to heat and
noise, a (Pa)is the applied hydraulic shear stress and c (Pa) is the critical shear
stress initiating erosion. According to the conservation of energy, the energy
dissipated by excess hydraulic shear stress during erosion should be equal to the
energy taken by the particles for erosion. Therefore, combining Equations (3.57) and
(3.58) gives:
2

12

Differentiation gives:
(3.59)

6

The erosion rate [ (kg/m2/s)], i.e., the amount of soil eroded in unit time over a unit
surface area, can now be written as:
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Substituting for drt /dt, from Equation (3.59) yields:
(3.60)

6

The denominator term in the equation (3.60) can be obtained by substituting for
from Equation (3.52) and written as:
(3.61)
Integrating each expression gives:

1

100

(3.62)

tan

2
5

2

After substituting for

2
sin
3

(3.63)

from Equation (3.31) at

, Equation (3.63) yields:
sin

2

7

cos

cos

cos

cos

tan
2

sin

(3.64)

7
sin

cos

The lift force (FL) in Equation (3.64) can be related to the drag force (FD) at the bed
level. The relative importance of drag and lift forces on dislodgment of particles
from surfaces by flowing fluid has been pointed out by Visser (1972), who
commented that the fluid drag provides the main contribution to the dislodging force
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acting on the particle while the contribution from the lift force is negligible.
Furthermore, White (1940) neglected the lift force acting on the particles due to its
very low value compared to that of the drag force.

When considering a grain at bed level, the fluid velocity is higher over the top
surface than beneath the lower surface, thereby developing a higher pressure at
bottom surface compared to the top surface. This asymmetric pressure distribution
produces a net lift force in upward direction. When the grain lifts up and come into
suspension, this pressure distribution is almost symmetrical and lift force become
zero.

In sediment transport studies, both these drag and lift forces have been taken into
account (Middleton and Southard 1978; Simons and Senturk 1992; Yang 1996).
Middleton and Southard (1978) reported the importance of the lift force based on
wind erosion experiments by Chepil (1961). He represented graphically, the pressure
distributions over a surface of spheres of 3-51 mm diameters caused by wind at
various heights from the gravel bed. The maximum lift force has been observed at
the bed level and it was about 80% of the drag force. Carson (1971) also provided the
experimental results of Chepil (1961) for 8mm diameter spherical particles and the
lift/drag ratio was 97% at the bed level.

In the present study, the lift force is considered to be equal to a fraction of drag force
experienced, therefore,
(3.65)
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These drag and lift forces acting on a soil particle are from the resultant of both
pressure and friction caused by the fluid flow.
When considering a water flow over a compacted flat bed of soil, the soil particles
are not fully exposed to the flow because of the other surrounding particles. As a
result, the water flow would mainly influence the top surface of the particles, where
the bed of soil is considered to be a flat surface. The drag force owing to a parallel
flow of fluid over a flat surface is totally derived from frictional drag, because the
pressure drag is zero. This force caused by friction over a unit surface is the applied
wall shear stress, a (Pa) and the total drag force on the particle can be written as:
(3.66)
Substituting for Aep from Equation (3.14) gives:
(3.67)
Also, the mass of a single soil particle can be expressed from the weight volume
relationship as:
(3.68)

6

Also, the submerged weight [WS (N)] of the particle is:
1

(3.69)

6

where, g (m/s2) is the gravitational acceleration. The substitution of Equations (3.65),
(3.67), (3.68) and (3.69) into Equation (3.64) results:

12
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1

tan

7

sin

cos
6

(3.70)

cos

The integration term in the Equation (3.70) can be solved using the trapezium rule
(James,

2010).

For

this

purpose,

the

area

under

the

curve

in the region from  = 0 to  = π is considered.

tan

To simplify Equation (3.70), the term B is introduced, where,
(3.71)
This Equation (3.71) can be written using the trapezium rule (James, 2010) as:
1
2

(3.72)

where, r is the number of strips into which the area under the curve is divided. Then,
substitution of Equations (3.62), (3.70) and (3.71) into Equation (3.61) results:

1

100

7

2
sin
3

sin

tan

12

cos

(3.73)

For further simplification of Equation (3.73) the term A* is introduced, hence,

(3.74)

100

Equation (3.73) can now be written as:
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1

2
sin
3

tan

12

sin

7

(3.75)

cos

Finally, substituting Equation (3.75) into Equation (3.60), the rate of erosion ( )* for
the treated soil can be written as:
⁄6
1

3.3

2
sin
3

tan

12

7

sin

cos

(3.76)

Identifying Model Parameters

The rate of erosion can be determined using the proposed model [Equation (3.76)], if
the packing arrangement of soil particles in compacted specimens, the shear stressstrain characteristics, properties of eroding fluid flow such as fluid density (w) and
mean flow velocity (Vf), soil properties such as mean particle diameter (D) and
specific gravity (Gs) are known. Identification of these model parameters and
methods used to measure them are briefly described below.

In identifying the packing arrangement of compacted soil specimens, three possible
packing structures of spherical particles corresponding to low porosities were
considered as described by Gray (1968). From these structures, the one whose
porosity was closest to that of the tested specimens was selected for both treated and
untreated soils. The values of q and  were calculated for the selected packing
arrangement of spheres and used in the proposed model. The detailed procedure of
calculating the values of these parameters is discussed under the model validation in
Chapter 5.
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Stress-strain characteristics for treated and untreated (saturated) soil specimens were
obtained from the laboratory direct shear experiments. Those results were used to
calculate the values of A* at 'n = 0. The details of the direct shear apparatus and the
test procedure are described in Chapter 4, while the method of estimating A* from
stress-strain curves is described in the parameter calculation section of Chapter 5.

The hydraulic shear stress (a) applied on the crack surface subjected to a flow of
eroding fluid with a mean flow velocity Vf can be estimated using Equation (3.77)
below.
(3.77)

8

In Equation (3.77), f is the friction factor which can be obtained from the Moody
diagram. An empirical equation for  was proposed in terms of A*,c and Vf, and
the development of this expression is discussed in Chapter 5.

An expression for the critical shear stress (c*), i.e. the hydraulic shear stress required
to begin erosion process was obtained in terms of A* and the details are discussed
under model validation in Chapter 5.
3.4

Applying the Proposed Model in Field Situations

This proposed erosion model can be used by practising engineers to assess the
internal erosion problems. The surface and internal erosion of rail/road
embankments, dam cores and water channels are two foremost problems which must
be considered when evaluating the safety of these earth structures. Using erodible
and/or dispersive soils in construction of earth structures is not appropriate,
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especially when they are in contact with water. But in some instances, this practice
becomes inevitable, and therefore the solution is to adopt suitable methodologies to
reduce erosion. In this context, lignosulfonate (LS) is proven to be an effective
treatment. The proposed Equation (3.76) can be used to obtain the relationship
between erosion rates and applied hydraulic shear stress for silty sand treated with
different amounts of LS. This helps practising engineers to determine the amount of
LS to be added to the material before compaction, in order to eliminate the
possibility of erosion after construction. At this stage, engineers should have an idea
of the possible maximum flow velocity or hydraulic gradient through cracks to
calculate the possible maximum hydraulic shear stress through cracks.
3.5

Summary

In this chapter, development of a new theoretical erosion model to predict the rate of
erosion of lignosulfonate treated soil was described. The model was based on the law
of conservation of energy and it incorporates the shear characteristics of stabilised
soil, the flow characteristics of the eroding fluid and the soil properties such as mean
particle diameter and specific gravity. In formulating this model, rolling was
considered as the particle detachment mechanism due to hydrodynamic forces, and
the LS stabilisation was incorporated into the model through the increased strain
energy required to break the inter-particle bonds. The methods of identifying and
quantifying the model parameters were also discussed briefly. The proposed model
can be adopted in practice to evaluate internal erosion of both LS treated and
untreated soil.
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4 EXPERIMENTAL INVESTIGATION AND TEST RESULTS
4.1

Introduction

This chapter contains details of the laboratory experiments carried out to investigate
the shear behaviour of lignosulfonate treated silty sand. It includes the properties of
the soil and chemical stabiliser used in this study, a brief description of the apparatus,
the method used to prepare the samples and the test procedure. Moreover, the shear
test results are presented and the improvement in the peak and ultimate shear
strengths, and the deformation moduli are discussed in detail and compared with
those of cement treated sands reported in previous studies.
4.2

Characteristics of Soil

The soil used for the current study was collected from Wombeyan caves in NSW,
Australia. It is a non-plastic soil, with a liquid limit of 22.5% and a specific gravity
of 2.67, and is classified as a silty sand (SM) according to the Unified Soil
Classification System (USCS). The particle size distribution of this soil is shown in
Figure 4.1.

88

Clay (6%)

Silt (21%)

Gravel

Sand (73%)

100
D50 = 0.150 mm
80

Percent finer (%)

Cu = 25.71
60

Cc = 5.08

40

20

0
1E-3

0.01

0.1

1

10

Particle size (mm)

Figure 4.1 Particle size distribution of the silty sand used in this study

According to the standard Proctor compaction test, silty sand has a maximum dry
density (MDD) of 18.03 kN/m3, which corresponds to the optimum moisture content
(OMC) of 11.6%.

From the standard pinhole tests (AS1289.3.8.3 - 1997), this silty sand is classified as
a highly erodible soil (D1) having an average flow rate of 1.32ml/s for a 180mm
head of water.
Figure 4.2 below shows photographs of the arrangement of the pinhole test and the
measuring cylinder used to collect the effluent fluid that contains particles of eroded
soil.
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(a)

(b)

Figure 4.2 (a) Pinhole test arrangement (b) Measuring cylinder at the end of the test

To further evaluate the susceptibility of the silty sand to erosion, a percent dispersion
test was conducted according to the Australian standard AS1289.3.8.2 (2008). In this
test two hydrometer analyses were carried out on the particles less than 75m in size.
The first test was performed by breaking down the soil aggregates using a chemical
dispersive agent and mechanical agitation, while the second sample was prepared
without the dispersive agent and mechanical agitation. The two particle size
distributions, with and without the dispersive agent, were compared (Figure 4.3) to
calculate the “Percent Dispersion (PD)” which can be expressed as:
5

(4.1)

5
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Figure 4.3 Particle Size Distribution Curve Compared with Percent Dispersion Curve
for particles finer than 75m

The percent dispersion (PD) calculated using Equation (4.1) was 44% for the silty
sand used in this study. The soils were considered highly dispersive if the percent
dispersion is more than 30% (Decker and Dunnigan 1977). However, Ryker (1977)
suggests that 35% is a reasonably good value for the critical dispersion for most
clays. Decker (1971) recommends critical values of dispersion based on soil type, as
40% or more for inorganic clay of low to medium plasticity and inorganic clay of
high plasticity (CH) soils and 25-30% for inorganic silt of low plasticity (ML),
clayey sand and silty sand (SM).
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4.3

Chemical Stabiliser Used

The chemical used in this study to stabilise the erodible silty sand was
lignosulfonate, which is a lignin-based organic compound derived as a by-product of
the paper manufacturing industry. Karol (2003) described it as a dark brown
inflammable liquid that smells like vanilla. Since the trees as raw materials in paper
mills are different to each other, the composition of lignosulfonate varies from one
batch product to another, depending on the source and wood process (Karol 2003;
Morgan et al. 2005). Compared to other traditional and non-traditional chemical
admixtures, lignosulfonate is cheaper, environmentally friendly, non-hazardous and
does not appreciably change the pH level of the soil after treatment (Muttuvel 2008).
More details about lignosulfonate and its role as a soil stabilizer can be found in
section 2.5 in Chapter 2.
4.4

Direct Shear Tests

The stress-strain characteristics of soils under plane shear were essential to validate
the theoretical erosion model developed in Chapter 3. As a result, a series of
consolidated drained direct shear tests were conducted on chemically treated and
untreated soil specimens to obtain the effective stress–strain curves and volume
change behavior during shearing. The shear tests were carried out at the same
moisture content and dry density conditions used in the erosion tests to ensure
reliability between the shear and erosion tests.
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4.4.1

Direct Shear Apparatus

In the conventional shear box used, a soil specimen which is square in plan
(60mm×60mm) and rectangular in cross-section (60mm×25mm) is subjected to a
constant normal stress. The apparatus is shown diagrammatically in Figure 4.4.

Figure 4.4 Direct shear apparatus (not to scale)

The sample container is open at the top and is immersed in a water tank to ensure
that the specimen is completely saturated. The box consists of two separate halves so
that the upper half is able to move horizontally relative to the lower half. The shear
force is applied to the specimen in the horizontal plane, formed between the two
halves, by a motor driven push rod. The shear force applied to the sample is recorded
by means of a load cell connected to the upper half by a swan neck. Deformation of
the load cell is related to the shear force applied through a calibrated data logger, and
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is recorded in a computer. The horizontal displacement is also measured with a
Linear Variable Differential Transformer (LVDT) attached to the upper half of the
shear box. The normal load is applied vertically to the sample through the loading
platen, with the help of hanger weights. Lever mechanisms of 5:1 or 10:1 are
available to apply higher normal stresses. The vertical deformation of the sample is
monitored by an LVDT fixed to the top of the load hanger. The deformations and
stresses acting on a small soil element on the failure plane in direct shear test are
illustrated in Figure 4.5.

Figure 4.5 Deformations and stresses on a soil element on the failure surface
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When conducting the drained shear tests, the drainage is facilitated by the insertion
of perforated metal plates adjacent to the upper and lower faces of the soil sample.
These metal plates are grooved to help grip the faces of the sample. Then porous
plates are placed on both sides to help the water to drain out. The typical set up
sequence for the specimen in the shear box is shown in Figure 4.6.

Figure 4.6 Setting-up the soil specimen inside the shear box for drained shear test

4.4.2

Method of Preparing the Sample

As these direct shear tests data were to be used in the erosion model, it was necessary
to shear the soil at the same dry density as in the erosion tests. In addition to that, the
recommended level of field compaction for most practical applications is 95% 95

100% MDD. Therefore, to satisfy both these criteria, 95% MDD was selected as the
required dry density of the specimens used in the shear tests. Muttuvel (2008) has
observed that the effect of LS on OMC and MDD is negligible for Wombeyan caves
silty sand. Therefore, it was assumed here that the values of OMC and MDD for both
LS treated and untreated soils are same. To maintain this density in every specimen,
a specially designed mould was made so that the soil sample could be compacted
statically to reach the required dry density. This mould consists of a top plate, a
casing, and a bottom plate. The mould is designed in such a way that when the soil
sample is fully compacted and the parts of the mould are assembled tightly, the
specimen reaches the standard height (25mm) required to test in the shear box
apparatus. A diagram of the mould is shown in Figure 4.7.

Figure 4.7 Specially designed mould to prepare the soil specimen

To prepare the treated soil sample for a shear test, the amount of dry soil required to
make a 60mm×60mm×25mm specimen with 95%MDD was first calculated. Then,
the amount of stabiliser (0.2%, 0.6% or 1.2% of LS by dry soil weight) was mixed
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with the additional amount of water needed to achieve the optimum moisture content.
Subsequently, the water and LS mixture was mixed thoroughly with predetermined
amount of dry soil. This mixture was placed in layers inside the casing assembled
with the bottom plate, with each layer being flattened softly with a wooden tamp
(Figure 4.8). After filling all the amount of mixed soil in to the mould, the top plate
was placed in position and the mould was subjected to a uniform pressure using the
AVERY machine until the top plate touches the mould. The compacted specimen
was then pushed out of the mould carefully with the wooden tamp and wrapped in
moisture-proof bags before being kept in a temperature controlled room to be cured.

Figure 4.8 Parts of the special mould used

4.4.3

Procedure and Test Plan

After curing for 7 days, the specimen was pushed carefully into the shear box using
the wooden tamp and then saturated with water inside the sample container of the
direct shear box for 24 hours. After this, the loading hanger was loaded with the mass
required to obtain the designated normal stress and kept for another 24 hours until
the consolidation under that particular normal stress was completed. The normal
stresses selected were 5 kPa, 10 kPa, 15 kPa, 22kPa, and 42 kPa. These relatively
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low normal stresses represent typical erosion at shallow depths. Each specimen was
then subjected to drained direct shear testing under a constant shearing rate of
0.05mm/min. This shearing rate was determined according to ASTM D3080 (2004)
such that there is no excess pore pressure development during shearing. The
horizontal displacement of the upper half and the vertical displacement of the top
loading plate were measured using LVDTs. The shear force induced on the failure
plane was measured by a load cell connected to the swan neck (Figure 4.4). These
measurements of displacement and force were recorded by a data logger and stored
in a host computer. The details of the testing program for consolidated drained tests
conducted in direct shear apparatus is given in Table 4.1.

Table 4.1 Direct shear test program

4.5

Series Number

Amount of LS
by dry soil weight
(%)

Normal stress
(kPa)

1

0

5, 10, 15, 22, 42

2

0.2

5, 10, 15, 22, 42

3

0.6

5, 10, 15, 22, 42

4

1.2

5, 10, 15, 22, 42

Shear Test Results and Discussion

In the following sections the results of the direct shear tests are presented in terms of
the stress-strain curves and the volumetric changes. The effect of lignosulfonate
treatment on the peak and ultimate shear strengths, peak and ultimate friction angles
and the deformation moduli, are also discussed.
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4.5.1

Stress-strain Characteristics and Volumetric Behaviour

The observed variations of shear stresses () and the volumetric strains (v) with the
shear strains () of LS treated and untreated silty sand are presented in Figures 4.9 4.11. The tests were carried out up to a shear strain of 20%. Figure 4.9 shows the
stress-strain and volume change behavior of silty sand at different levels of LS
treatments under an effective normal stress ('n) of 5kPa.
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Figure 4.9 Stress-strain and volume change behaviour of LS treated and untreated
silty sand at 5kPa effective normal stress
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It is clear from Figure 4.9 that the increase in the level of lignosulfonate treatment
increases the shear stress. The volumetric response exhibits a dilative behaviour with
increase in percentage of LS. For both treated and untreated specimens, well defined
peak shear stresses are evident, followed by post-peak strain softening under 5kPa of
effective normal stress. The stress-strain characteristics and volumetric responses of
LS treated and untreated specimens under different effective normal stresses are
shown in Figures 4.10 - 4.13.
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Figure 4.10 Variations of shear stresses and volumetric strains of LS treated and
untreated silty sand with shear strain under effective normal stress of 10kPa
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Figure 4.11 Variations of shear stresses and volumetric strains of LS treated and
untreated silty sand with shear strain under effective normal stress of 15kPa
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Figure 4.12 Variations of shear stresses and volumetric strains of LS treated and
untreated silty sand with shear strain under effective normal stress of 22kPa
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Figure 4.13 Variations of shear stresses and volumetric strains of LS treated and
untreated silty sand with shear strain under effective normal stress of 42kPa
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It is evident from Figures 4.10 - 4.13 that as the level of LS treatment increases, the
shear stresses also increase, irrespective of the applied effective normal stress. Also,
the volumetric changes show a more dilative response with the increased levels of LS
treatment. Under effective normal stresses of 22kPa and 42kPa, there was no dilative
behaviour observed for any of the specimens tested.

Figure 4.14 compares the stress-strain and volumetric responses of LS treated and
untreated silty sand at different effective normal stresses. In this graph, only the
responses corresponding to the 1.2% LS treated specimens are plotted with those of
untreated specimens. The stress-strain and volume change curves for 0.2% and 0.6%
LS treated specimens are found to be between the curves corresponding to 1.2% LS
treated and untreated specimens.
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Figure 4.14 Comparison of stress – strain curves and volume change behaviour of LS
treated and untreated silty sand at different effective normal stresses

Figure 4.14 shows that as the effective normal stress increases, the shear stress
increases, resulting in a greater stiffness at higher normal stresses. Also the overall
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volumetric strain response shifts towards contraction in both the LS treated and
untreated specimens with increase in the effective normal stress.

In order to study the effect of LS treatment on the stress-strain characteristics further,
the brittleness index (IB) was considered as a measure of ductility. IB was first
introduced by Bishop (1971) and defined as:
(4.2)
where, p is the shear stress at peak and r is the residual strength. The brittleness
indices for LS treated and untreated silty sand were calculated for the direct shear
test results directly using Equation (4.2). The variation of brittleness index with the
effective normal stress is shown in Figure 4.15.
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Figure 4.15 Variation of brittleness index with the effective normal stress for LS
treated and untreated silty sand
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Figure 4.15 shows that the brittleness index decreases with increasing effective
normal stress for both LS treated and untreated soil. In other words, the silty sand
becomes more ductile with the increased effective normal stress. However, the
change of brittleness due to LS treatment appears to be slight compared with the soil
treated with cement. In order to confirm this further, the brittleness indices of LS
treated silty sand were compared with those of two cement treated sands reported in
recent literature. Wang and Leung (2008) reported the drained triaxial compression
test results of cement treated Ottawa 20-30 sand under confining pressures of 50kPa,
80kPa and 100kPa. The stress strain behaviour of a non plastic silty sand treated with
cement under initial mean effective stresses of 20kPa, 60kPa, and 80kPa by Schnaid
et al (2001) was also considered. From the results of these two studies, the effective
normal stresses at failure ( ) were calculated since the brittleness indices of LS
treated soil are available for different effective normal stresses. These values of
corresponding to different amounts of cement at different confining pressures are
given in Table 4.2.

Table 4.2 Effective normal stresses at failure calculated for triaxial test results on
cement treated sands
Amount of
cement
(%)

Effective normal stress at failure (  f )
(kPa)
20 kPa

60 kPa

100 kPa

0

33.6

98.3

159.7

1

37.8

108.6

176.2

3

39.0

113.5

184.3

5

39.4

115.1

188.5
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Reference

Schnaid
(2001)

Table 4.2 continues.....
50 kPa

80 kPa

100 kPa

0

74.7

117.9

148.2

1

76.9

120.9

151.8

2

78.6

124.8

155.2

3

82.6

130.0

160.0

Wang and
Leung
(2008)

In Figure 4.16, the values of IB calculated for the cement treated sands (Schnaid et al.
2001; Wang and Leung 2008) are plotted against the amount of chemical, together
with those of silty sand treated with LS. The value of effective normal stress at
failure ( ) varies with the cement content for a given confining pressure (Table 4.2).
Therefore, in the legend of Figure 4.16, the values of confining pressures are given
for the data obtained from literature, instead of effective normal stresses.
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Figure 4.16 Comparison of brittleness indices of LS treated silty sand with those of
cement treated sands
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Figure 4.16 shows that even under a very low effective normal stress, such as 22 kPa,
the increase in the brittleness index of the silty sand considered in the current study
due to LS treatment is not significant. When the confining pressure (or effective
normal stress) is increased, the brittleness should decrease, i.e., the soil becomes
more ductile. In other words, under low effective normal stresses, soil specimens
should show high brittleness indices. Therefore, one can expect no brittleness index
increments due to LS treatment at higher effective normal stresses.

The comparison of brittleness indices in Figure 4.16 explains that under

of 74.7-

160 kPa, the Ottawa sand (Wang and Leung 2008) has become brittle, but only
moderately. Conversely, the non plastic silty sand reported by Schnaid et al (2001)
has become very brittle when treated with cement under 33.6-188.5 kPa of effective
normal stresses. This contrast in brittleness indices of cement treated soils itself may
be attributed to how dense the specimens were, as the Ottawa sand was tested at a
loose state and the silty sand specimens were prepared to reach a dense state. After
comparing the brittleness indices of LS treated soils with those of cement treated
sands reported in literature, it can be concluded from Figure 4.16 that the LS
treatment does not change significantly the ductility of the silty sand considered in
this study.
4.5.2

Effect of Lignosulfonate Treatment on Shear Strength

The failure envelopes of the LS treated and untreated silty sand corresponding to
peak and post-peak shear strengths are shown in Figures 4.17 and 4.18, respectively.
The post-peak or ultimate shear strengths were determined from the stress-strain
curves at 20% shear strain where the shear stress reaches constant after the peak.
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Figure 4.17 Peak failure envelopes of LS treated and untreated silty sand
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Figure 4.18 Ultimate failure envelopes of LS treated and untreated soil
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The peak and ultimate failure envelopes were best approximated as linear for the
range of effective normal stresses considered in this study. To understand the
improvement in the shear strength of the silty sand due to LS treatment, the peak and
ultimate shear strengths are plotted against the amount of LS, and shown in Figure
4.19. The scattered points in Figure 4.19 represent the experimental strengths shown
in the failure envelopes and the line graphs represent linear approximations.
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Figure 4.19 Variation of peak and ultimate shear strengths with the amount of LS

Figure 4.19 indicates that both the peak and ultimate strengths increase linearly with
the increasing amount of LS for all the effective normal stresses that were
considered. To examine the strength attributed to the chemical bonds, the increased
shear strength (t-ut) was calculated by subtracting the shear strength of the
untreated specimen (ut) from that of the treated specimen (t) under the same
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effective normal stress. This increased shear strength can be considered as the
strength of the chemical bonds (

) at that particular effective normal

stress. These values of b were then plotted against the amount of LS for different
effective normal stresses, and shown in Figure 4.20.
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Figure 4.20 Variation of the peak and ultimate shear strength

Figure 4.20 clearly illustrates that the strength of chemical bonds (b) increases with
the increasing amount of LS at both the peak and ultimate states. The bond strength
at the peak is always more than that at the ultimate state.

Figures 4.21 and 4.22 compare the bond strength of LS treated silty sand with that of
cement (Wang and Leung 2008; Schnaid et al. 2001) treated sands. The bond
strength at the peak ( ) was calculated as:
114

(4.3)
where,

and

are the peak shear stresses of chemically treated and untreated

specimens, respectively. For triaxial test results obtained from literature for cement
treated sands, the stresses at failure were converted into the shear stresses and
effective normal stresses. These effective normal stresses calculated for cement
treated sands were given earlier in Table 4.2. However, for convenience, the
confining pressures are shown instead of the effective normal stresses in the legend
of Figure 4.22 for cement treated soils.
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Figure 4.21 Comparison of bond strengths of LS and cement treated sands at peak

In Figure 4.21, the bond strengths of cement and LS treated sands at peak are plotted
against the effective normal stresses at failure. It shows that with the increasing
effective normal stress, the bond strengths generally increase for the range of normal
stresses considered. This may be because the chemical bonds between soil grains are
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supported by the effective normal stress. When the bond strengths of two cement
treated sands, silty sand (Schnaid et al. 2001) and Ottawa sand (Wang and Leung
2008), are compared at 1% and 3% cement contents, the strengths of cementing
bonds of silty sand is much higher than that of Ottawa sand under the same range of
. This should be mainly caused by the loose state at which the shear tests have
been carried out on Ottawa sand. The results of the study by Schnaid et al. (2001)
can be directly compared with that of the current study, due to the facts that the both
sands are classified as SM (according to the USCS) and the tests were conducted on
dense, fully saturated specimens after 7 days of curing. When the strength of
cementing bonds of 1% cement treated and 1.2% LS treated silty sands are compared
in the range of 30-50 kPa of effective normal stresses, it reveals that the strength of
cement bonds are much greater than that of LS bonds. A comparison of bond
strengths of cement and LS treated sands against the amount of chemical is presented
in Figure 4.22.
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Figure 4.22 Comparison of strengths of bonds attributed to LS and cement treatments
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Figure 4.22 shows that, when the amount of chemical is increased, the strengths
attributed to the chemical bonds are increased, for both cement and LS. However, the
values of bond strength of LS treated specimens are relatively low compared to those
of a similar soil treated with cement.

The angle of internal friction (') which can be taken as the slope of the failure
envelope did not appear to be affected significantly by the LS treatment up to 0.6%
LS in both peak and ultimate conditions. The variations of the peak and ultimate
internal friction angles with the amount of LS are illustrated in Figure 4.23.
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Figure 4.23 The change of the internal friction angle with the amount of LS

It can be observed from Figure 4.23 that the peak friction angle is higher than the
friction angle at ultimate state. This is because at the ultimate state, the soil particles
have been rolled and translated to form a smoother failure plane than that at the peak
117

state. The peak friction angle increases slightly from 38° for untreated soil to 41.5°
for soil treated with 1.2% LS. The change in the ultimate friction angle due to LS
treatment is also not significant, from 36° for untreated to 39° for 1.2% LS treatment.

The increments of peak friction angle ('p) and ultimate friction angle ('u) due to
chemical treatment were calculated for sands treated with LS and cement (Wang and
Leung 2008; Schnaid et al. 2001). These estimated 'p and'u are compared in
Figure 4.24.
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Figure 4.24 Comparison of improvements in internal friction angles of LS and
cement treated sands at peak and ultimate states

It can be noted from Figure 4.24 that the increments in peak friction angle due to
1.2% LS treatment on dense silty sand is about twice of that of loose Ottawa sand
treated with 1% cement. However, dense silty sand stabilized with 1% cement shows
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higher increments ('p) in peak friction angle than that of 1.2% LS treated silty
sand. When the ultimate friction angle is considered, neither loose sand nor dense
sand shows increments in ultimate friction angle ('u = 0) due to 1% cement
treatment. Therefore, Figure 4.24 reveals that LS is appeared to be more effective in
enhancing the ultimate friction angle at 1-1.2% chemical percentages. However,
since the amounts of LS used in the current study are very low compared to those of
cement used in previous studies, the comparison of improvement in friction angles is
limited only to 1-1.2% of chemical treatments.
4.5.3

Effect of Lignosulfonate Treatment on Deformation Modulus

The variation of the secant deformation modulus (

⁄ ) of LS treated and

untreated silty sand estimated at 1% shear strain was plotted with the effective
normal stress and shown in Figure 4.25. The secant deformation modulus values
were calculated at 1% shear strain, because, that was the maximum shear strain
within which all the stress-strain curves were linear.
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Figure 4.25 Change in secant deformation modulus with effective normal stress

With the increased effective normal stress, the secant deformation modulus increases
for all treated and untreated specimens (Figure 4.25). The increase in ES is less
significant up to 15kPa effective normal stress, and then rises dramatically under
22kPa and 42kPa, irrespective of the level of treatment. Conversely, with the
increased amount of LS, the increase of ES for effective normal stresses of 22kPa and
42 kPa is negligible, whereas the specimens subjected to lower effective normal
stresses show a notable increases in ES. This phenomenon can be observed more
evidently from Figure 4.26 where the secant deformation modulus is plotted against
the amount of LS. In Figure 4.26, the secant deformation moduli of silty sand were
approximated to vary linearly with the amount of LS under different effective normal
stresses.
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Figure 4.26 Variation of secant deformation modulus with the amount of LS

Figure 4.27 below compares the increased secant deformation modulus (∆ ) of LS
treated silty sand with that of sands treated with cement (Wang and Leung 2008;
Schnaid et al. 2001) determined in the elastic region. Since the deformation modulus
depends highly on the effective normal stress, ∆

was calculated as a percentage of

corresponding ES of the untreated specimen for the purpose of comparison. The value
of ∆

was determined using the Equation (4.4) where

modulus of the treated specimen and

is the secant deformation

is that of untreated specimen corresponding

to the same effective normal stress.
∆

(4.4)

100%
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Figure 4.27 Comparison of improvement in secant deformation modulus due to LS
and cement treatments on sands

Figure 4.27 illustrates that with the increased amount of LS, ∆

is increased slightly

under effective normal stresses of 5 – 15 kPa, but under 22 kPa and 42 kPa, there is
no considerable increase in ES (∆

0). When considering the Ottawa sand treated

with 1% cement at loose state, its increments in secant deformation modulus are in
the same range (0 – 100 %) as those of 1.2% LS treated soil. But, the effective
normal stresses at failure for Ottawa sand are much higher (77 – 152 kPa). The silty
sand treated with 1% cement at dense state shows higher increments (180 – 450%) in
ES under effective normal stresses of 109 – 176 kPa. Therefore, it can be concluded
from Figure 4.27 that the secant deformation modulus at the elastic region is not
affected significantly by the LS treatment when compared with the cement treated
sands.
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4.6

Summary

In this chapter, the detailed procedures carried out in the laboratory to examine the
effectiveness of lignosulfonate (LS) treatment in enhancing the shear behaviour of an
erodible silty sand and the corresponding experimental results were presented. A
brief description of the direct shear apparatus used to obtain the stress-strain curves
of LS treated and untreated soil, and the method of preparing the laboratory test
specimens using a specially made mould were given. The stress-strain characteristics
of LS treated silty sand were then discussed in detail, followed by discussions about
the peak and ultimate failure envelopes, friction angles, and the secant deformation
moduli at elastic region of LS treated soil. Shear strength and friction angles (peak
and ultimate) were observed to be increased by the LS treatment. The secant
deformation modulus increased with the increasing amount of LS. The enhancements
of above mentioned strength parameters were finally compared with those of cement
treated sands found in recent literature. This comparison showed that the LS bonds
are weaker than the cementing bonds. However, unlike the cement treatment, LS
treatment does not change the ductility of the soil significantly.
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5 VALIDATION OF EROSION MODEL
5.1

Introduction

This chapter describes the detailed procedures for calculating the model parameters
and validating the proposed theoretical erosion model explained earlier in Chapter 3.
The parameters were calculated using the experimental results from both direct shear
and erosion tests carried out using Process Simulation Apparatus for Internal Crack
Erosion (PSAICE) on silty sand treated with lignosulfonate. The predicted erosion
rates were then compared with an independent set of erosion test data, and it was
concluded that the proposed erosion model is able to estimate the erosion of silty
sand treated with lignosulfonate to an acceptable accuracy.
5.2

Model Parameters

To validate Equation (3.76) and calculate the rate of erosion of LS stabilised soil, the
model parameters A*, the internal friction angle of soil ('*) at 'n = 0, the critical
shear stress (c*) initiating erosion, and the efficiency factor () should be estimated
first. The first two parameters (A* and '*) were determined from the shear test
results of the current study and the other two parameters (c* and  were found
from the results of the erosion tests described earlier by Indraratna et al. (2008b).
5.2.1

A* from Strain Energy Density

To determine the values of A* for soil stabilised by lignosulfonate, the strain energy
per unit volume up to peak stress (i.e. area beneath the stress-strain curve) under zero
effective normal stress should be used. For this purpose, the corresponding areas
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beneath the stress-strain curves of untreated (UT), 0.2%, 0.6%, and 1.2% LS treated

300

3

Strain energy per unit volume up to peak (kJ/m )

soil were calculated and plotted against the effective normal stress (Figure 5.1).
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Figure 5.1 Strain energy per unit volume up to peak, calculated from the stress-strain
curves, with effective normal stress for treated and untreated silty sand

It is evident from Figure 5.1 that the strain energy density has increased as a result of
LS treatment for all normal stresses considered in this study. Then, the strain energy
per unit volume at zero effective normal stress could be predicted from Figure 5.1
through the best fit lines, and the corresponding values of A* (Equation 3.74) were
calculated (Table 5.1)
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Table 5.1 Strain energy per unit volume up to peak at zero effective normal stress for
silty sand treated with LS
(kJ/m3)

Amount of LS (%)

A* (J/m2)

0

16.605

4.151

0.2

17.850

4.463

0.6

19.789

4.947

1.2

24.389

6.097

The A* values given in the table above were then plotted with the percentage of
lignosulfonate to obtain an empirical relationship for A*, as shown in Figure 5.2.
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Figure 5.2 Relationship of A* with the amount of LS

A linear correlation between the percentage of LS and A* was obtained through a
best fit line with R2 > 0.98 as:
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(5.1)
where, b and c are empirical constants with values of 1.61 and 4.112, respectively,
and LS is the amount of lignosulfonate as a percentage of the weight of dry soil.
5.2.2

Internal friction angle of soil ('*) at 'n = 0

The internal friction angle ('*) of LS stabilised soil should be estimated at zero
effective normal stress ('n = 0) condition. Therefore, considering the failure
envelopes obtained in Chapter 4 for silty sand treated with lignosulfonate, '* at 'n =
0 was taken as the secant friction angle at 'n = 5kPa, as illustrated in Figure 5.3.
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Figure 5.3 The internal friction angle ('*) of LS stabilised soil at 'n = 0
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After plotting '* versus the amount of LS (Figure 5.4), a relationship between '*
and the percentage of LS (with R2 > 0.97) could be derived from the shear test results
of untreated (UT), plus 0.2%, 0.6%, and 1.2% LS treated soil as:
(5.2)
where, b1 and c1 are empirical constants with magnitudes of 5.23 and 58.66,
respectively.
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Figure 5.4 Relationship of '* at 'n = 0 with the amount of LS

5.2.3

Critical Shear Stress (c*) Initiating Erosion

To develop a relationship for c* in terms of soil properties, the critical shear stresses
determined from the results of the erosion tests given earlier by Indraratna et al.
(2008b) were plotted against the corresponding A* values figured out from shear test
results of the current study, as shown in Figure 5.5.
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Figure 5.5 The variation of critical shear stress with A*

Figure 5.5 shows that the critical shear stress initiating erosion is changing linearly
with the values of A*, thus an expression for c* can be written as:
(5.3)
where, b2 and c2 are empirical constants with values of 42.7 and 177, respectively.
5.2.4

The Packing Arrangement Parameters (q and)

The parameters q and  in Equation (3.76) represent the packing arrangement of the
particles of soil before they are eroded. To determine suitable values for these
parameters, the packing arrangement of the grains in the compacted soil specimens
should be identified. For this purpose, the soil particles were assumed to be spherical

129

in shape. As described by Gray (1968), there are six possible systematic assemblages
of spheres (Figure 5.6).

1 Cubic

2 Ortho-rhombic

3 Rhombohedral

Porosity = 47.6 %

Porosity = 39.5

Porosity = 26.0

4 Ortho-rhombic

5 Tetragonal

6 Rhombohedral

Porosity = 39.5

Porosity = 30.2

Porosity = 26.0

Figure 5.6 Possible systematic packing arrangements of spheres
(Modified after Gray 1968)

The specimens of silty sand used for both the direct shear and erosion tests were
prepared in order to achieve the same dry density (95% MDD), while the porosity of
those specimens was calculated to be 29%. Therefore, the arrangement number 5
(tetragonal) shown in Figure 5.6 was identified as the closest possible packing
structure for the specimens in this study. Consequently, q and were calculated for
the tetragonal packing structure, as illustrated in (5.7) below.

130

⁄√3
√3

0.866

(a)

(b)

Figure 5.7 Estimating (a) the value of q (b) the value of for tetragonal packing
arrangement of spheres

From the above, the estimated values of q and for the current study were 0.866 and
30°, respectively.

5.2.5

The Efficiency Factor ()

Equation (3.76) given earlier in Chapter 3 can also be written in the form of a linear
relationship between the excess hydraulic shear stress and erosion rate as
(Arulanandan et al. 1975; Sargunan 1976):
(5.4)
where, the coefficient of erosion * of treated soil then becomes,
⁄6
1

2
sin
3

tan

12

7

sin

cos

(5.5)

By rearranging Equation (5.5), the efficiency factor () can be simplified to:
6

1

2
sin
3

tan

12

(5.6)

by neglecting the insignificant term in the denominator of Equation (5.5), i.e.
sin

cos

. Muttuvel (2008) observed from internal crack erosion
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tests conducted on chemically treated soils that the velocity of flow through the crack
changes throughout the test. This observation indicates that the efficiency factor
corresponding to a particular level of stabilisation is not a constant value, but a set of
values corresponding to different flow velocities. Therefore, the values of the
efficiency factor for different flow velocities were calculated by substituting the
experimental data of treated and untreated soil given in Table 5.2.

Table 5.2 Experimental data used to estimate the efficiency factor
Current Study

Indraratna et al. (2008b)

LS (%)

A* (J/m2)

'* (deg)

* (s/m)

0

4.151

58.35

0.2296

0.2

4.463

59.74

0.0147

0.6

4.947

62.37

0.0031

The estimated efficiency factors for untreated and LS treated soil were then plotted
against the flow velocity and illustrated in Figure 5.8.
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Figure 5.8 Variation of efficiency factor with the flow velocity

It can be seen from Figure 5.8 that the efficiency factor decreases with the increased
flow velocity for a given level of LS treatment. This behaviour was expected as the
increased flow velocity should result in greater energy losses, hence, less energy
being available for erosion. It can also be seen from Figure 5.8 that the efficiency
factor decreases with increased stabilisation for a given flow velocity.

To obtain a common relationship between  and Vf for both treated and untreated
soil, the efficiency factor was normalised by multiplying it by the corresponding
values of A* and c*, and the resulting normalised plot is shown as Figure 5.9.
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Figure 5.9 The normalised plot of efficiency factor versus flow velocity

Figure 5.9 demonstrates that the normalised efficiency factor can be given by a
single decaying power function, irrespective of the amount of LS. Consequently, an
expression of  for LS treated and untreated silty sand was obtained through best fit
regression as:
(5.7)
where,  and  are empirical constants with values of 9.5 and 0.8, respectively.
5.3

Model Validation

Substituting the expressions obtained above for c* and  (Equation 6.3 and 6.7
respectively) in Equation (3.76) and neglecting the term
cos as described in section 5.2.5, the erosion rate can now be expressed as:
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sin

6

1

2
sin
3

tan

(5.8)
2

Equation (5.8) can be used to estimate the erosion rate of silty sand treated with
lignosulfonate with  = 9.5,  = 0.8, b2 = 42.7, c2 = 177, q = 0.866,  = 30°. The
values of A* and '* for different lignosulfonate treatments are calculated from the
shear strength test results.

To verify that the proposed equation is capable of predicting the erosion rate of soil
treated with lignosulfonate, the expressions explored for A* (Equation 5.1) and '*
(Equation 5.2) were substituted in Equation (5.8), and the erosion rates of LS treated
(0.1%, 0.2%, 0.4% and 0.6% LS) and untreated silty sand were thereby determined.
A range of mean flow velocities were used to generate different hydraulic shear
stresses for a given level of lignosulfonate treatment.
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Table 5.3 Estimated erosion rates using the proposed equation for silty sand treated
with 0.1% lignosulfonate.
Flow velocity
(m/s)

Hydraulic shear
stress (Pa)

Efficiency
factor

Erosion rate
(kg/m2/s)

1.03

5.25

0.411

0.000

1.05

5.40

0.406

0.005

1.10

5.90

0.391

0.022

1.15

6.42

0.378

0.039

1.20

6.96

0.365

0.056

1.25

7.52

0.354

0.074

1.30

8.09

0.343

0.093

1.35

8.69

0.333

0.113

1.40

9.31

0.323

0.133

1.45

9.94

0.315

0.154

1.50

10.60

0.306

0.175

1.55

11.27

0.298

0.197

1.60

11.96

0.291

0.220

1.65

12.69

0.284

0.244

1.70

13.43

0.277

0.268

1.75

14.20

0.271

0.293

1.80

14.98

0.265

0.319

1.85

15.78

0.260

0.345

These predicted erosion rates for silty sand treated with 0.1% lignosulfonate were
plotted against the hydraulic shear stress, together with the corresponding
experimental results (Indraratna et al. 2008b) as shown in Figure 5.10.
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Figure 5.10 Comparison of experimental and model predicted erosion rates for silty
sand treated with 0.1% lignosulfonate

Figure 5.10 shows that the proposed erosion model can estimate the rates of erosion
to an acceptable accuracy. For instance, the critical shear stress estimated from the
model was 5.24 Pa while the value obtained experimentally was 5.14 Pa. The
coefficients of soil erosion estimated from the model and the experimental results
were 0.033 s/m and 0.036 s/m respectively.

To ensure the applicability of the model for different amounts of lignosulfonate
treatment over a wider range of hydraulic shear stresses, the erosion rates predicted
by the model for untreated, 0.1%, 0.2%, 0.4% and 0.6% LS treated silty sand were
plotted against the hydraulic shear stress, together with the erosion rates for treated
and untreated specimens that were observed in the laboratory. Figure 5.11 compares
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the erosion rates predicted by the model and obtained experimentally for treated and
untreated silty sand.

0.4

Untreated
0.1% LS
0.2% LS
0.4% LS
0.6% LS
Back Predictions
Independant Predictions

Indraratna et al. (2008b)

2
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0.3

0.2
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0.0
0
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65

Hydraulic shear stress (Pa)

Figure 5.11 Experimental and model predicted erosion rates with applied hydraulic
shear stress for silty sand treated with lignosulfonate

In Figure 5.11, the 0.1%, and 0.4% LS treated predictions are completely
independent as these experimental results were not used to determine the model
parameters. The input data used to calibrate the model to determine the relevant
parameters and the independent set of data used to validate the model are
summarised in Table 5.4. A comparison between the erosion parameters of untreated
and treated silty sand obtained experimentally and predicted by the proposed model
is shown in Figure 5.12.
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Table 5.4 A summary of experimental data used to calculate the model parameters
and to validate the model
Data used in parameter calculations
Current Study
LS (%)

Indraratna et al. (2008b)

A* (J/m2)

'* (deg)

* (s/m)

c* (Pa)

0

4.151

58.35

0.2296

0.745

0.2

4.463

59.74

0.0147

11.150

0.4

4.754†

-

-

25.891

0.6

4.947

62.32

0.0033

34.516

1.2

6.097

64.64

-

-

Independent data used in model validation
4.271†

59.18‡

0.0361

5.141

0.4

-

60.75‡

0.0064

-

‡

values obtained from Equation (5.1), values obtained from Equation (5.2)

0.25

Critical shear stress (experimental)
Critical shear stress (model predicted)
Coefficient of erosion (experimental)
Coefficient of erosion (model predicted)

40

0.20

30

0.15

20

0.10

10

0.05

0

Coefficient of erosion (s/m)

50

Critical shear stress (Pa)

†

0.1

0.00
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Amount of Lignosulfonate (%)

Figure 5.12 Experimentally observed and model predicted erosion parameters with
the amount of lignosulfonate
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It is evident from both Figures 6.11 and 6.12 that the proposed erosion model can
accurately capture the erosion of untreated soil and soil stabilised by lignosulfonate
over a wide range of hydraulic shear stresses.
5.4

Summary

In this chapter, the methods of calculating model parameters and validation of the
theoretical erosion model formulated in Chapter 3 were discussed in detail. In
calculating the model parameters, the values for A* and the internal friction angle
('*) at zero effective normal stress condition were calculated from the direct shear
test results. Then, two linear expressions for A* and'* were obtained in terms of the
amount of lignosulfonate. Another linear relationship between c* and A* was
discovered using the direct shear test results and erosion test results obtained for silty
sand treated with lignosulfonate. The efficiency factor calculated from the erosion
test results were normalised with the corresponding values of A* and c* and then
correlated with the flow velocity. Furthermore, six possible packing arrangements of
spherical particles were considered to represent the compacted soils. From these
structures, the one whose porosity was closest to that of the tested specimens was
selected for both treated and untreated soils, to enable the estimation of q and 
These expressions were then used in the proposed equation to predict the rate of
erosion of treated and untreated silty sand. After comparing the erosion rates
predicted by the model and from experimental observations, it was found that the
proposed erosion model could accurately represent the erosion trends of silty sand
treated with lignosulfonate.
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6 DEVELOPMENT OF A CONSTITUTIVE MODEL FOR
LIGNOSULFONATE TREATED SILTY SAND USING THE DISTURBED
STATE CONCEPT
6.1

Introduction

In the Disturbed State Concept (DSC) the observed response of a material is
expressed in terms of the responses of material parts in two reference states, i.e.
relative intact (RI) state and fully adjusted (FA) state. Initially, the material is
considered to be at the RI state, and upon disturbance due to external loading, the
material undergoes internal self adjustments of its micro-structure and transforms
progressively from RI to FA state. This disturbance indicates the deviation of the
observed response from the responses of the considered reference states.

The disturbance function D, can be defined based on the stress-strain responses and
volumetric strain responses (Figure 6.1). The disturbance expressed in terms of
stress-strain can be given as:
(6.1)
And in terms of changes in the volumetric strain can be given as:
(6.2)
In Equations (6.1) and (6.2), the superscripts i, a and c are used to indicate the RI
response, the observed (actual) response, and the FA response, respectively.
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(a)

(b)
Figure 6.1 Disturbance based on (a) stress-strain (b) volumetric changes

The DSC can also be used to characterise the behaviour of bonded materials such as
cemented soils. There are a number of DSC approaches for bonded materials (Desai
2001), where the corresponding reference states of each approach are different. One
can select a suitable approach based on the experimental results available. In this
study one of the approaches described by Desai (2001) was selected in which the
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reference states are RI response of the observed behaviour and the response of the LS
bonds (Figure 6.2).

Figure 6.2 DSC concept for bonded materials

Then the disturbance for the bonded soil can be expressed as:
(6.3)
The over line ‘ ¯ ’ in Equation (6.3) indicates the disturbance and the stresses
corresponding to the bonded material.
6.2
6.2.1

Modelling the Stress-strain Behaviour of Untreated Silty Sand
Relative Intact (RI) Response of Untreated Soil

In this model the RI behaviour of untreated silty sand was simulated using the  0version of HiSS plasticity models (Desai 2001) which is based on associative
plasticity and isotropic hardening. In this approach, the yield function F is given in
the two dimensional form as:
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(6.4)

0

is the effective normal stress,

where
pressure,

is the shear stress, Pa is the atmospheric

is the phase change parameter,

is the ultimate parameter,

parameter depends on the linearity of the ultimate envelope, and

is a

is the hardening

function given by:
(6.5)
In Equation (6.5),

and

are hardening parameters and

is the trajectory of

deviatoric plastic strains.

Figure 6.3 Yield surfaces for RI material

From the theory of plasticity, the consistency condition is given as:
(6.6)

0

Equation (6.6) gives,
·
~

~

·

(6.7)

0
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In Equation (6.7),

can be given by:
⁄

·

~

where

(6.8)

~

is the vector of incremental plastic strains that can be obtained from the

~

normality rule as:
(6.9)

~

~

In Equation (6.9),  is a scalar proportionality parameter and, Q is the plastic
potential function. Since the 0-version of HiSS models is based on associative
plasticity, Q ≡ F for this model. Therefore, Equation (6.9) becomes,
(6.10)

~

~

Hence, substitution of Equation (6.10) in Equation (6.8) yields:
⁄

·

(6.11)

·
~

~

and substitution of Equation (6.11) in Equation (6.7) leads to:
⁄

·

· ·

~

~

~

The incremental stress
~

~

where

·

~

~

can be related to the incremental elastic strain,

~

, as:
(6.13)

~

~

is the elastic constitutive matrix.

incremental total strain vector,
~

(6.12)

0

~

~

, and the incremental plastic strain vector,

~

~

, as:
(6.14)

~

Substitution of

can be expressed in terms of the

~

from Equation (6.13) and

(6.12) gives:
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~

from Equation (6.14) in Equation

⁄

·

~

~

·

~

Substitution for

· ·

~

·

(6.15)

0

~

~

from Equation (6.10) in Equation (6.15) leads to the expression

~

for  as:
·
~

·
~

~

·

~

~

·

·

·

~

~

~

Use of  in Equation (6.10) to obtain
~

(6.16)

⁄

~

and substitution in Equation (6.14) gives

as:

·
~
~

·

~

~

·
~

·

~

(6.17)

⁄

~

·

~

·

~

~

~

Equation (6.17) can be substituted in Equation (6.13) to obtain

·

~
~

~

~

·

~

·

⁄

·
~

as:

~

~
~

~

(6.18)

~

·
~

~

Now, Equation (6.18) can be simplified for the RI response as:
~

~

(6.19)

~

where the superscript “ i ” is used to indicate the RI response and,
plastic constitutive matrix for the RI behaviour.
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~

is the elasto-

6.2.2

Fully Adjusted (FA) Response of Untreated Soil

In this model the untreated soil at the FA state is considered to behave similar to that
at 20% of shear strain. Based on the experimental shear test results of the untreated
silty sand, the following relationship can be proposed for the FA shear stress:
(6.20)
and

In Equation (6.20),

are the FA material parameters and

is the effective

normal stress corresponding to the FA state. The relationship between the FA value
of normal strain ( ) and the effective normal stress can be given as:
(6.21)
where

is a material parameters and

is the FA normal strain when

0. The

incremental equations for the FA shear stress and normal strain can be derived from
Equations (6.20) and (6.21) as:
(6.22)
(6.23)

6.2.3

Actual Response of Untreated Soil

From the definition of the disturbance function given by Equation (6.1), the actual
(observed) response can be evaluated as:
1

~

~

(6.24)

~

The incremental stress-strain relationships can be obtained from Equation (6.24) as:
~

1

~

~

~

(6.25)

~
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In Equation (6.25)

~

is the incremental stresses at the FA state and can be

specialised to:
(6.26)

~

in Equation (6.26) can be replaced by substituting Equation (6.22). With

The term

the assumption that

and

, Equation (6.26) then becomes:

(6.27)

~

Equation (6.27) can be re-written as:
~

where

~

(6.28)

~

0
~

0

1

Now, substitution of Equations (6.19) and (6.28) in Equation (6.25) gives:
~

where

1

~

~

~

~

~

~ ~

~

(6.29)

~

. The disturbance function, D, in Equation (6.29) can be

expressed in terms of the deviatoric plastic strain trajectory,

, as:
(6.30)

1

where

is the ultimate value of D at the residual,

is the deviatoric plastic strain

trajectory below which there is no disturbance occurs and A and Z are parameters. An
expression for dD in Equation (6.29) can be derived from Equation (6.30) as:
(6.31)
Substitution of Equations (6.11) and (6.16) in Equation (6.31) leads to:
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⁄

·
~

~

·

⁄

·
~

~

·

·

~

·

~

~

~

·

~

(6.32a)

~

or
~

where

(6.32b)

~

is given by:

~

⁄

·
~

~

·

⁄

~

·
~

~

·

·

~

·

~

~

~

~

Now the stress-strain relationship for the actual response, Equation (6.29) becomes:
~

~

where
~

6.3

(6.33)

~

is the disturbed state concept constitutive matrix given by:

~

1

~

~ ~

~ ~

Modelling the Stress-strain Behaviour of Lignosulfonate Bonds

Using the DSC described in the section 6.1, the observed response of the LS bonds
was modelled in this study by considering a linear elastic RI response and a zero
stress FA response as the two reference states (Figure 6.4).
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Figure 6.4 DSC for LS bonds

The disturbance function,

, for LS bonds can be written as:
(6.34)

where

is the shear stress of RI response, and

is the shear stress of actual

response.
6.3.1

Relative Intact (RI) Response of Lignosulfonate Bonds

In modelling the stress-strain behaviour of LS bonds, the RI response of LS was
taken as linear elastic, and therefore the incremental stress-strain relationship of the
RI response can be written as:
~

where

~

~

(6.35)

~

and

~

are the vectors of incremental LS bond stresses and strains

respectively at the RI state, and

~

is the elastic constitutive matrix for the LS

bonds at the RI state.
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6.3.2

Actual Response of Lignosulfonate Bonds

From the definition of the disturbance function [Equation (6.34)], the actual
(observed) response can be evaluated as:
(6.36)

1

The incremental stress-strain relationships can be obtained from Equation (6.24) as:
1

~

~

(6.37)

~

Now, substituting Equation (6.4) into Equation (6.25) gives:
1

~

~

~

(6.38)

~

The disturbance function for LS bonds
terms of the shear strain

in Equation (6.29) can be expressed in

as:
(6.39)

1

where

is the ultimate value of

which the disturbance is zero, and
expression for

at the residual,
and

is the shear strain below

are model parameters for LS bonds. An

in Equation (6.29) can be derived from Equation (6.30) as:
(6.40)

Equation (6.31) can be written in the matrix form as:
~

where

(6.41)

~

is given by a 1×2 matrix as:

~

0

~

Now the stress-strain relationship for the actual response of LS bonds, Equation
(6.29), becomes:
~

~

(6.42)

~
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where

~

6.4

is the disturbed state concept constitutive matrix for LS bonds given by:

~

1

~

~

(6.43)

~

Modelling the Stress-strain Behaviour of Lignosulfonate Treated Soil

In modelling the stress-strain response of LS treated soil using the DSC, the response
of the FA state was considered as the response of the LS bonds obtained from
Equation (6.42). The reference states and the disturbance for LS treated soils are
shown in Figure 6.5.

Figure 6.5 Disturbance for LS treated soil

Now, based on Equation (6.3) the disturbance for LS treated silty sand can be given
as:
(6.44)
The superscript “t” used in Equation (6.44) represents the LS treated behaviour.

152

6.4.1

Relative Intact (RI) Response of Lignosulfonate Treated Soil

Similar to the RI behaviour of untreated silty sand, the RI behaviour of LS treated
silty sand was simulated using the  0-version of HiSS plasticity models (Desai
2001). For this model, the yield function

can be written in the two dimensional

form as:
(6.45)

0

is the effective normal stress,

where
pressure,

is the shear stress, Pa is the atmospheric

is the phase change parameter,

is the ultimate parameter,

parameter that depends on the linearity of the ultimate envelope, and

is a
is the

hardening function given by:
(6.46)
In Equation (6.5)

and

are the hardening parameters and the superscript “t” was

used to indicate the parameters corresponding to the behaviour of LS treated soil.

The incremental stress-strain relationships of the RI response can now be written as:
~

~

where
and

~

~

(6.47)

~

and

are the vectors of incremental stresses and strains respectively,

~

is the elastic constitutive matrix for LS treated silty sand at the RI state.

In Equation (6.19),

~

can be given as:
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·

~
~

~

~

~

·
~

6.4.2

~

·

(6.48)

⁄

~

·

·

~

~

~

Actual Response of Lignosulfonate Treated Soil

From the definition of the disturbance function for LS treated soil [Equation (6.44)],
the actual (observed) response can be obtained as:
1

~

~

(6.49)

~

The incremental stress-strain relationships can be obtained from Equation (6.49) as:
1

~

~

~

~

(6.50)

~

Now, substituting Equations (6.42) and (6.19) in Equation (6.50) gives:
1

~

where

~

~

~

~

~

~

~

(6.51)

~

. The disturbance function for LS treated soil

, in Equation

(6.51) can be expressed in terms of the plastic strain trajectory , as:
(6.52)

1

where

is the ultimate value of

at the residual,

is the deviatoric plastic strain

trajectory below which the disturbance is zero, and
parameters for LS treated soil. An expression for

and

are the model

in Equation (6.51) can be

derived from Equation (6.52) as:
(6.53)
Now, as with the formulation of

for untreated behaviour,
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can be given by:

⁄

·
~

~

·

⁄

·
~

·

~

·
~

~

·
~

~

·

(6.54a)

~

~

or
~

where

(6.32b)

~

is given by:

~

⁄

·
~

~

·

⁄

~

·
~

~

·

·

~

·

~

~

~

~

The stress-strain relationship for the actual response of LS treated soil in Equation
(6.51) becomes:
~

~

where

(6.55)

~

is the disturbed state concept constitutive matrix for LS treated soil

~

given by:
~

6.5

1

~

~

~ ~

(6.56)

Determination of Model Parameters

This section explains the methods of determining the model parameters
corresponding to the DSC model formulated above, using the laboratory
experimental results.
6.5.1

Model Parameters for Untreated Soil

The model parameters involved in the DSC model of the current study for untreated
silty sand are given in the Table 6.1.
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Table 6.1 The identified model parameter for the modelling of untreated silty sand
Model State

Parameter

Elastic

,

Relative Intact (RI)

, , , ,

Fully Adjusted (FA)

,

Disturbance

,

,

,

,

,

,

In Table 6.1

and

,

Comment

Curved ultimate envelope

,

At shear strain = 20%
For

are the shear and normal moduli of the untreated soil,

respectively. The subscripts “ ” and “ ” were used in the disturbance parameters to
show that these parameters were obtained from the stresses and strains, respectively.

The following sections show how these model parameters were determined using the
direct shear test results of untreated silty sand used in this study.
6.5.1.1 Elastic Parameters
The values of

and

are usually found from the unloading slopes of the shear and

normal stress curves in interface studies. However, in the current study, calculating
was not required because the laboratory direct shear tests were conducted under
the constant effective normal stress condition. The value of

was considered in this

study as the initial slope of the shear stress versus shear strain curves. Experimentally
obtained

values were related to the effective normal stress ( ) as:
(6.57)

where Pa is the atmospheric pressure,
coefficient, and

is a dimensionless shear modulus

is the modulus exponent. The values of dimensionless parameters
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(

and

against

⁄

) can be determined from the laboratory shear test results by plotting
⁄

using the logarithmic axes (Figure 6.6). The slope of the best-fit line

gave the value of

as 0.72 and the intercept at

⁄

1 gives the value of

as 13.2 for this study.

100

0.72

(Es/Pa) = 13.2(n'/Pa)

Es/Pa

10

1

0.1
0.01

0.1
n'/Pa

Figure 6.6 Determination of dimensionless model parameters,

1

and

6.5.1.2 Relative Intact (RI) Parameters
In this study the RI response was obtained by fitting the experimental results to a
hyperbolic curve. The hyperbolic relationship between the shear stress and the shear
strain at any effective normal stress can be expressed as (Clough and Duncan 1971):
1

(6.58)

157

where is the shear resistance,

is the shear strain, Es is the initial slope of the shear

stress-strain curve given by Equation (6.57), and

is the ultimate shear strength

(asymptotic value of the shear at infinite stain of the hyperbolic curve). To determine
in Equation (6.58), an equation was proposed by Taha et al (2001)

the values of
as:

(6.59)
In Equation (6.59),

and

are the experimental shear stresses at 70% and 90%

of peak shear stresses respectively, and

and

are the corresponding shear
. The

strains. Equation (6.59) was used in this study to determine the values of

calculated stress-strain curves of the RI state of untreated soil under different
effective normal stresses for this study are shown in Figure 6.7.

100
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15kPa
22kPa
42kPa

Shear stress (kPa)

80

60

40

20

0
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5

10
15
Shear strain ( % )

20

Figure 6.7 RI stress-strain responses for untreated soil
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25

In Equation (6.4), the value of

was taken to be equal to 2 for the straight line

ultimate failure envelopes (Desai 2001). In this study the failure envelopes were
considered to be non-linear and therefore the value of
the experimental results. At the ultimate state
parameters

and

should be determined from

0 and therefore the values of

can be determined by writing the yield function in logarithmic

form at  = 0 as:
ln

ln

2

The plot of ln

⁄

(6.60)
versus ln

⁄

gives the values of

from the intercept,

from the slope of the average straight line (Figure 6.8).

1.5
 = 10.3
q = 1.44

1.0
0.5
ln (ult/Pa )

and

ln

0.0
-0.5
-1.0
-1.5
-3.5

-3.0

-2.5

-2.0
-1.5
ln (n'/Pa )

-1.0

Figure 6.8 Determination of RI model parameters,
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-0.5

and

0.0

The phase change parameter , was calculated by considering the transition point
where the normal stress changes from compression to dilation. Equation (6.4) was
solved for , and was then substituted in

⁄

0 to obtain the equation for

(6.61)

1

In Equation (6.61),

and

are the shear and normal stresses at the transition point,

respectively. The average value of

To find the hardening parameters
ln

as:

ln

for the silty sand was 1.71.

and , Equation (6.5) can be expressed as:
(6.62)

ln

In Equation (6.6) the value of plastic strain trajectory

is calculated from the stress

strain curves for stress increment i as:
·

where

⁄

(6.63)

is the increment of plastic shear strain. The value of the hardening

function

corresponding to the total stress after each stress increment was calculated

using Equation (6.4). Figure 6.9 shows the plot of ln
and

versus ln

obtained from Figure 6.9 are 16.39 and 0.021, respectively.
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. The values of

3.0
n' = 15 kPa

ln 

2.9

2.8
ln  = -0.007ln D+2.82
2.7

2.6
-5

-4

-3

-2

-1

0

1

ln D

Figure 6.9 Determination of the hardening parameters

and , for RI state

Table 6.2 below summarises the model parameters corresponding to the RI
behaviour of untreated silty sand.

Table 6.2 The calculated model parameters of RI response of untreated silty sand
RI Parameter

Value
10.3
1.44
1.71
16.78
0.007
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6.5.1.3 Fully Adjusted (FA) Parameters
To determine the fully adjusted parameters

and

, by taking logarithms of

Equation (6.20) leads to the following expression:
ln

ln

The plot of ln

(6.64)

ln

⁄

versus ln

⁄

, shown in Figure 6.10, gives the value of

from the slope of the approximated linear fit, and the value of

can be calculated

from the vertical intercept.

0
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-2.5

-2.0

-1.5

-1.0

-0.5

0.0
0.0
-0.5

ln (c/Pa) = 0.81 ln(n'/Pa) - 0.41

-1.0

ln (c/Pa)

-1.5
-2.0
-2.5
-3.0
-3.5

ln (n'/Pa)

Figure 6.10 Determination of FA parameters,

After taking the logarithms of Equation (6.21), the plot of
6.11) gives the values of

and

and

versus

⁄

(Figure

from the slope and the intercept of the linear fit of

the experimental results, respectively.
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Figure 6.11 Determination of FA parameters,

and

The calculated FA parameters for untreated silty sand used in this study are
summarised in Table 6.3.

Table 6.3 The calculated model parameters of FA response of untreated silty sand
FA Parameter

Value
0.66
0.81
6.58
0.72
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6.5.1.4 Disturbance Function (D) Parameters
The values of disturbances for untreated soil were calculated using Equation (6.1) for
stresses and Equation (6.2) for strains. The disturbance parameters were then
determined by fitting calculated disturbance values to Equation (6.30), and the
corresponding parameters are summarised in Table 6.4.

Table 6.4 Determined disturbance parameters for untreated silty sand
Disturbance Parameter

Value/Relationship
1
0.3
0.026

0.095

(6.65)

0.53

(6.66)

0.11

(6.67)

0.011

1
0
0.16 ln
0.19 ln

6.5.2

1.32

(6.68)

Model Parameters for LS bonds

The model parameters involved in modelling the stress-strain behaviour of LS bond
are given in Table 6.5. The RI parameters
moduli of LS bonds, respectively.

164

and

are the elastic shear and normal

Table 6.5 The identified model parameters in modelling of LS bonds
Model State

Parameter

Comment

Relative Intact (RI)

,

RI response is linear elastic

,

Disturbance

,

,

6.5.2.1 Relative Intact (RI) Parameters
Finding a value for

was not required for LS bonds because the shear tests were

carried out at constant effective normal stress condition. The values of shear stiffness
(

) was taken as the initial slope of the LS bond strength ( ) versus shear stain

curves. The experimental bond strength was calculated from the laboratory stress
strain curves as:
(6.69)
where

and

are the shear stresses of LS treated and untreated soil, respectively,

under a particular effective normal stress. Then the initial slopes of these stress-strain
curves for different amounts of LS were plotted against the corresponding effective
normal stress (Figure 6.12).
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Figure 6.12 Variation of

with the effective normal stress

It can be observed from Figure 6.12, that the

of the LS bonds increased initially

and then dropped after effective normal stress of 10kPa. The initial increase in
may be attributed to the support provided to the bond strength by the effective
normal stress. However, at higher effective normal stresses it seems that the effective
normal stress disturbs the bond strength and hence, a reduction in

occurs.

Therefore, by looking at Figure 6.12, it can be expected that the effect of LS bonds
on

would be negligible at higher effective normal stresses. Consequently,

and

the shear strength of LS bonds can be expected to zero after a particular value of
effective normal stress.

Based on the above observations in
study to calculate

, the following equation is proposed in this

.
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1

1

(6.70)

0

In Equation (6.70),

is the secant shear modulus of untreated soil at peak stress,

is the effective normal stress at which the bond strength becomes zero, and

is a

model parameter. A similar approach was used by Haeri and Hamidi (2009) to model
the stress strain behaviour of cemented bonds. The values of

in Equation

(6.70) were found by plotting the experimental ratio of

against the

corresponding effective normal stress for different amount of LS and extrapolating
the curves to

0, as shown in Figure 6.13.
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Figure 6.13 Variation of normalised
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with the effective normal stress

To find the values of

for the LS treated silty sand, the experimental values of

peak bond strength ( ) were normalised with the peak shear strength (

) of

untreated soil and plotted with the corresponding effective normal stress (Figure
6.14). The value of

at which

becomes zero was taken as

.
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Figure 6.14 Variation of normalised LS bond strength with effective normal stress
Table 6.6 summarises the values of

and

treated with LS.
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determined for silty sand

Table 6.6 The parameters calculated from Figures 6.13 and 6.14
E

Amount of LS (%)

(kPa)

0.2

13.0

57.8

0.6

39.0

62.0

1.2

66.8

81.2

The model parameter

was found by fitting the experimental values of

to

Equation (6.70) and can be given by Equation (6.71) as a function of the effective
normal stress.
0.0089

The predicted

2

0.573

(6.71)

6.97

values using Equation (6.70) are compared in Figure 6.15 with the

experimental values.
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Figure 6.15 Comparison of predicted and experimental

6.5.2.2 Disturbance Function (Db) Parameters
To calculate the values of disturbance for LS bonds at different effective normal
stresses using Equation (6.34), the actual responses of LS bonds were modelled first.
For this purpose the bond strength was considered to be linearly elastic up to the
peak bond strength and then decreased as a decaying power function, as shown in
Figure 6.16.
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Figure 6.16 Stress-strain curves of LS bonds at 10kPa of effective normal stress

Equation (6.72) is proposed in this study to calculate the peak strength ( ) of LS
bonds.
1

(6.72)

A similar approach was used by Haeri and Hamidi (2009) to model the bond strength
of cement. In Equation (6.72), the values of

were determined from Figure

6.14 by extrapolating the best fit experimental curves to

0. By fitting the

experimental peak bond strengths to Equation (6.72), the model parameter

was

found to be a function of the effective normal stress as:
0.0064

2

0.453

(6.73)

6.9
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The peak strengths of LS bonds, calculated using Equation (6.72), were then
compared with the experimental bond strengths in Figure 6.17.
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Figure 6.17 Comparison of predicted and experimental bond strengths

After peak behaviour of LS bonds were modelled by fitting the experimental results
to a power function. The disturbance was then calculated using Equation (6.34) for
LS bonds. The disturbance parameters were then determined by fitting calculated
disturbance values to Equation (6.39) and the corresponding parameters are
summarised in Table 6.7.
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Table 6.7 Model parameters for disturbance functions of LS bonds
Disturbance Parameter

Value/Relationship
1
0.24

6.5.3

(6.74)

2.35

0.3 ln

1.12

(6.75)

0.24 ln

0.19

(6.76)

Model Parameters for Lignosulfonate Treated Soil

Table 6.8 illustrates the identified model parameters in modelling the LS treated silty
sand using the DSC.

Table 6.8 Parameters involve in modelling the LS treated silty sand
Model State

Parameter

Elastic

,

Relative Intact (RI)
Disturbance

,

,

,

,

,

,

,

,

,

,

Comment

Curved ultimate envelope
For

The following sections describe the methods of determining the above mentioned
parameters using the laboratory experimental results.
6.5.3.1 Elastic Parameters
Similar to the behaviour of untreated soil, finding the value of

was not required

for LS treated soil because the effective normal stress was considered to be constant
in this study. The elastic model parameter

was determined using the same method

given in 6.5.1.1 for untreated silty sand. The values of dimensionless parameters (
and

) corresponding to the LS treated silty sand are 12.87 and 0.60, respectively.
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6.5.3.2 Relative Intact (RI) Parameters
The hyperbolic curves for RI responses of LS treated soils were obtained by
following the procedure described in section 6.5.1.2. These hyperbolic curves were
then used to obtain the RI model parameters for the behaviour of LS treated silty
sand. The procedure of calculating the RI parameters is also given in the section
6.5.1.2. Table 6.9 illustrates the RI model parameters for LS treated silty sand used in
this study.

Table 6.9 Model parameters for RI responses of LS treated silty sand
RI Parameter

Value
11.71
1.36
1.70
20.25
0.037

6.5.3.3 Disturbance Function (Dt) Parameters
The values of disturbance were calculated for LS treated silty sand from Equation
(6.44) using the RI state and the bond strength as the reference states. The
disturbance parameters were then determined by fitting the calculated disturbance
values to Equation (6.52). These model parameters are summarised in Table 6.10.
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Table 6.10 Model parameters for disturbance functions of LS treated silty sand
Disturbance Parameter

Value/Relationship
0.8
0
0.22 ln
0.35

0.88

.

(6.77)
(6.78)

0.8
0
0.6
0.36 ln

6.6

1.40

(6.79)

Model Predictions

The stress-strain curves were predicted using the constitutive relationships for actual
responses obtained in sections 6.2.3 (for untreated soil) and 6.4.2 (for LS treated
soil). For these calculations the disturbance parameters obtained based on the stressstrain curves were used.

The actual response of volume changes was derived from the definition of the
) based on the volumetric changes, given by Equation (6.2). The

disturbance (

actual response of the strain ( ) can be expressed as:
~

~

where

1

~

~

and

~

(6.80)

~

are the RI and FA strain vectors, respectively. Equation (6.80) leads

to the observed incremental volumetric strain,

, as:
(6.81)

1
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In Equation (6.81), the increment of total volumetric strain,
written in terms of the plastic

and elastic

, at RI state can be

strain increments as:
(6.82)

Since this model considers the constant effective normal stress condition (

0),

the elastic volumetric strain increment becomes zero. Now, substitution of
from Equation (6.10) in (6.82) gives:
(6.83)
The value of

The term

in (6.83) can be calculated using Equation (6.16).

in Equation (6.81) can be determined from Equation (6.23) and to find

, Equation (1.32a) can be re-written by replacing the corresponding disturbance
parameters as:
⁄

·
~

~

·

⁄

·
~

~

·

·
~

~

·
~

~

·

~

(6.84)

~

In predicting the stress-strain and volumetric behaviour of LS treated and untreated
silty sand, the model parameters determined in section 6.5 were used. Since only the
experimental results corresponding to the effective normal stresses of 5 kPa, 15 kPa
and 42 kPa were used in parameter calculations, the predictions for

10 kPa and

22 kPa are independent. The predicted results are compared with the experimental
results in the following sections.
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6.6.1

Predictions for Untreated Behaviour

Figure 6.18 illustrates the stress-strain predictions for untreated silty sand under
different effective normal stresses, and compared with the corresponding
experimental results. The comparisons show that the model can accurately predict
the stress-strain behaviour of the untreated soil tested.
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Figure 6.18 Stress-strain predictions for untreated silty sand compared to test data

The volume change behaviour of untreated silty sand was calculated using Equation
(6.81) for different effective normal stresses considered in this study. The modelbased volumetric strain predictions for untreated silty sand are compared with the
experimental results in Figure 6.19. It is evident from Figure 6.19 that the proposed
model agrees well with the experimentally obtained volumetric changes for the soil
under the range of effective normal stresses, considered in this study.
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Figure 6.19 Predictions of volume changes for untreated soil compared to test data

6.6.2

Predictions for Lignosulfonate Treated Behaviour

The predictions of stress- strain and volumetric behaviour of 0.2%, 0.6% and 1.2%
LS treated silty sand at different effective normal stresses considered are shown in
Figures 6.3-6.8.

The comparisons of the predicted stress-strain curves with the experimental data
clearly show that the increases in shear strengths and the initial slopes of stress-strain
curves, due to increased effective normal stress, were predicted reasonably well by
the proposed model (Figures 6.3, 6.5 and 6.7). Hence, the proposed model is capable
of capturing the stress-strain behaviour of LS treated silty sand.
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Also, the proposed model shows its capability in predicting the reduced dilative
behaviour of LS treated silty sand due to the increased effective normal stress. This is
evident from the comparisons of the predicted and observed volume changes
illustrated in the Figures 6.4, 6.6 and 6.8.
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Figure 6.20 Stress-strain predictions for 0.2% LS treated soil compared to test data
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Figure 6.21 Predictions of volume changes for 0.2% LS treated silty sand compared
to test data
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Figure 6.22 Stress-strain predictions for 0.6% LS treated soil compared to test data
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Figure 6.23 Predictions of volume changes for 0.6% LS treated silty sand compared
to test data
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Figure 6.24 Stress-strain predictions for 1.2% LS treated soil compared to test data
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Figure 6.25 Predictions of volume changes for 1.2% LS treated silty sand compared
to test data
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As already discussed in Chapter 4, LS treatment increased the shear strength of soil
at a particular effective normal stress, but its stiffness only increased slightly due to
treatment, while the ductility remained unchanged. To examine the capability of the
proposed model to capture this observed shear behaviour, the predicted stress-strain
curves of LS treated and untreated soil were plotted for the effective normal stress of
22kPa (Figure 6.26). This is an independent prediction that can be used to validate
the model as the experimental results at

22 kPa were not used in parameter

calculations. It is clear from Figure 6.26 that the experimentally observed stressstrain behaviour is well captured by the DSC model proposed in this study.
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Figure 6.26 Predictions of stress-strain behaviour of untreated and LS treated slity
sand at 22kPa of effective normal stress
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Figure 6.27 shows the model predicted volumetric strains at the effective normal
stress of 22 kPa. The predictions show that the amount of compression of the
untreated silty sand, at this effective normal stress, was reduced due to LS treatment.
This is the almost identical behaviour observed from the laboratory experiments, as
discussed in Chapter 4. Therefore, from Figure 6.27, this model proves its capability
of capturing the volume change behaviour of the considered silty sand before and
after the LS treatment.
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Figure 6.27 Predictions of volumetric changes of untreated and LS treated slity sand
at 22kPa of effective normal stress

6.7

Summary

A new constitutive model for LS treated silty sand, based on the Disturbed State
Concept, was proposed in this chapter. In modelling both the LS treated and
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untreated behaviour, the RI response was simulated using the 0 version of the HiSS
plasticity model which is based on associative plasticity and isotropic hardening. The
non-associativeness is incorporated in this model through the disturbance function.
The FA response of the untreated soil was considered to be similar to the behaviour
at the 20% of shear strain. For the LS treated behaviour, the FA response was taken
as the response of the LS bonds which was modelled using a linear elastic RI
response and zero strength condition as the relative states. In determining the model
parameter, the laboratory experimental results corresponding to the effective normal
stresses of 5 kPa, 15 kPa and 42 kPa were considered. The predictions for 10 kPa and
22 kPa were independent predictions and used to validate the proposed model. The
model predictions of both stress-strain and volumetric changes show a good
agreement with the laboratory experimental data of both LS treated and untreated
silty sand.
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7 CONCLUSIONS AND RECOMMENDATIONS
7.1

General

In this study, the primary component of research included a rigorous theoretical
erosion model that was formulated to predict the erosion rate of lignosulfonate
treated soil, based on the law of conservation of energy. It was assumed that an
individual soil particle will begin to move due to hydrodynamic forces, by rotating
about a pivot within the contacts with other grains. Thus rolling was considered to be
the mechanism by which the soil grains are detached from the soil bed initiating
erosion. According to the energy conservation principle, the energy dissipated by the
excess hydraulic shear stress during erosion should be equal to the sum of the energy
required to break the inter-particle bonds and to make the particles suspended in the
fluid flow. The proposed model considers the stress-strain characteristics of
lignosulfonate treated soil, to account for the stabilisation.

Laboratory direct shear experiments were carried out to investigate the shear
behaviour of lignosulfonate treated and untreated silty sand. Lignosulfonate dosages
of 0.2%, 0.6% and 1.2% by dry soil weight were selected for the current study. All
the specimens for shear tests were prepared using a specially designed mould to
reach a density of 95% MDD under static compaction. Stress-strain and volumetric
responses were obtained for lignosulfonate treated and untreated specimens under
effective normal stresses of 5kPa, 10kPa, 15kPa, 22kPa, and 42kPa.
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Also, in view of the experimental observations and laboratory data, a new
constitutive model was proposed for the lignosulfonate treated and untreated soil
using the disturbed state concept, as the final component of this doctoral thesis.

Specific conclusions drawn from the proposed erosion model, the experimental
investigation, and the proposed constitutive model are described in the following
sections.
7.2

Theoretical Erosion Model

The important characteristics of the proposed model and the conclusions drawn from
the model validation are summarised below.



The proposed theoretical erosion model incorporates the strain energy
intensity until failure, obtained from the stress-strain curves of lignosulfonate
treated soil, to account for the stabilisation. It is important to determine the
values of strain energy intensity at almost zero effective normal stress to
simulate the real field condition for erosion, albeit the difficulty of conducting
laboratory tests at n' = 0. Therefore, the strain energy intensities obtained
under very low effective normal stresses were plotted against n' and
predicted for zero effective normal stress from regression analysis. The value
of A* (Equation 3.74) calculated using the predicted strain energy density at

n' = 0 was found to be linearly related to the amount of lignosulfonate.



The internal friction angle ('*) of soil at n' = 0 was taken as the secant
friction angle at n' = 5kPa, considering that the failure envelopes of
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lignosulfonate treated and untreated silty sand are non-linear at lower
effective normal stresses. This friction angle atn' = 5kPa was found to have
a linear relationship with the amount of lignosulfonate.



A linear expression for the critical shear stress (c*) required to initiate soil
erosion was obtained in terms of the value of A*. The efficiency factor ()
was observed to be decreasing with the increasing flow velocity for both
lignosulfonate treated and untreated silty sand. However, it decreases with the
increasing amount of lignosulfonate for a given flow velocity. The efficiency
factor normalised by the corresponding values of A*and c* can be given by a
single decaying power function of the flow velocity, irrespective of the
amount of lingosulfonate.



The erosion rates were predicted for lignosulfonate treated silty sand using
the expressions obtained for A*, '*, c*, and  and compared with the erosion
test results. The proposed erosion model can estimate the erosion over a wide
range of hydraulic shear stress accurately.



The proposed erosion is a function of mean flow velocity, density of fluid,
porosity of the compacted soil, the shear characteristics of soil, mean particle
diameter and the specific gravity of soil.



The proposed erosion model can be adopted in practice to evaluate internal
erosion in assessing the safety of earth structures such as rail/road
embankments and dam cores.
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7.3

Shear Behaviour of Lignosulfonate Treated Silty Sand

The conclusions drawn from the laboratory experimental investigation carried out to
study the shear behaviour of lignosulfonate treated silty sand are summarised below.



Shear stress of soil increases with the increasing effective normal stress
irrespective of the chemical treatment. For effective normal stresses of 5kPa 15kPa, a well defined peak was observed initially, followed by post-peak
softening. The failure envelopes at peak and ultimate states were linear for
the range of effective normal stresses considered in this study. With the
increasing effective normal stress, the volumetric responses became more
contractive for both lignosulfonate treated and untreated soils.



Peak and ultimate strengths were increasing linearly with the amount of
lignosulfonate. The volumetric changes became more dilative with the
lignosulfonate treatments. However, no dilations were observed under the
effective normal stresses of 22kPa and 42kPa for lignosulfonate treated or
untreated specimens.



The increased shear strength due to lignosulfonate treatment under a given
effective normal stress was considered as the strength of lignosulfonate bonds
at that particular effective normal stress. After comparing the bond strengths
of lignosulfonate and cement treated silty sands, strength of lignosulfonate
bonds was found to be weaker than that of the cement bonds in the range of
30-50kPa of effective normal stresses.
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The angle of internal friction increased with the increasing amount of
lignosulfonate at both peak and ultimate states. These increments in friction
angles due to lignosulfonate treatments were compared with the friction angle
increments of a similar silty sand treated with cement found in recent
literature. The enhancement in the peak friction angle caused by 1.2% of
lignosulfonate was less than that of 1% cement treated silty sand. However,
lignosulfonate was found to be more effective than cement in enhancing the
ultimate friction angle at 1-1.2% chemicals.



The brittleness indices were determined for all the stress-strain curves to
understand the change in ductility due to lignosulfonate treatment. As the
effective normal stress increases, the brittleness index decreased for both
treated and untreated soil. Comparison of brittleness indices of lignosulfonate
and cement treated silty sands revealed that the lignosulfonate treatment does
not change the ductility of soil significantly as cement does.



Enhancements of the secant deformation modulus (Es), determined in the
linear region of the stress-strain distributions due to lignosulfonate treatment
were more pronounced at lower effective normal stresses (5kPa, 10kPa and
15kPa) than at relatively higher effective normal stresses (22kPa and 42 kPa).
However, the values of Es increased linearly with the increasing percentage of
lignosulfonate in the range of effective normal stresses considered in this
study. The comparison of Es for lignosulfonate and cement treated silty sands
revealed that the secant deformation modulus at the elastic region is
influenced less significantly by the lignosulfonate treatment.
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7.4

Constitutive Model for Lignosulfonate Treated Silty Sand

A new constitutive model using the Disturbed State Concept was proposed for the
lignosulfonate treated silty sand. The laboratory experimental results under effective
normal stresses of 5 kPa, 15 kPa and 42 kPa were used to determine the model
parameters, and those under 10 kPa and 22 kPa were used as subsequent model
validation. The proposed constitutive model could capture most important features of
the lignosulfonate treated silty sand such as the increases in the shear strength, slight
increases in the stiffness, negligible changes to the ductility and the reduction in the
compressibility due to treatment.

The predicted results of this constitutive model can be used in the proposed
theoretical erosion model by practicing engineers to calculate the rate of soil erosion
before and after the LS treatment. The constitutive equations of the current model
can also be incorporated in future numerical simulations of the erosion behaviour of
lignosulfonate treated and untreated soils. Furthermore, the stress-strain and
deformation characteristics predicted using the developed constitutive model can be
used by the design engineers in designing the earth structures such as embankment
dams and rail/road embankments to be constructed with lignosulfonate treated soils.
7.5

Recommendations for Future Research

The current study, conducted within its scope, generated several new aspects to be
investigated comprehensively in future researches on the topic of lignosulfonate
treated soils. Following issues are recommended, especially, for future studies on the
erosion behaviour of lignosulfonate treated soils.
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The applicability of the empirical correlations obtained in this study is limited
only for the silty sand. Therefore, generalised expressions can be established
by conducting more laboratory erosion and shear tests for other erodible soils
ranging from dispersive clays to erodible silts and sands.



Validation of the proposed erosion model with field results will guarantee its
applicability by practicing engineers. For this purpose, a large scale
embankment simulation can be designed in the laboratory using
lignosulfonate treated and untreated erodible soils in different sections.
Erosion rates through artificially formed cracks can be monitored and the
resulting data used to validate the proposed model.



The proposed erosion model can be further extended to predict the soil
erosion taking place in unpaved roadways when soil particles are loosened
and carried away by moving traffic. The applied shear stress on soil surface
from the moving traffic will not be continuous as the shear stress from a fluid
flow, but common concepts can be exploited in such a model development.



The proposed erosion model can be modified to incorporate unsaturated soil
erosion capturing the effects of suction, for example erosion of compacted
soil.



The proposed governing equations and the empirical relationships can be
incorporated in a FEM software to simulate the erosion behaviour of
lignosulfonate treated soils numerically.
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Particulate modelling of soil erosion using a DEM software such as
PFC2D/3D will help to verify the erosion behaviour of lignosulfonate treated
soil, in a micromechanical point of view.
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